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Foreword 



Mechanobiology, the linkage of biology with mechanics, is a field of 
investigation that is rapidly increasing our fundamental understanding of how 
structure and function at various scales from the molecular to the organ level 
play a synergistic role not only in maintaining a state of health, but also in the 
genesis and progression of disease. No area is more closely connected to me- 
chanobiology than that of cardiovascular diseases, in which the interplay 
between mechanical forces and biological function is so intimately coupled. 
"Biomechanics and Mechanobiology of Aneurysms" is a compilation of thirteen 
chapters that examine the latest knowledge of this interplay within the very 
important clinical context of aneurysms. These chapters provide a comprehensive 
treatment of various manifestations of aneurysmal disease — abdominal aortic, 
thoracic aortic and intracranial aneurysms — covering topics ranging from basic 
pathophysiology of arteries to clinical treatment. While the areas presented are 
interdisciplinary and are presented as such, investigators from several fields will 
find this book both interesting and informative, including biologists, imaging 
scientists, bioengineers and clinicians. The power of imaging and of computa- 
tional modeling is demonstrated, as is their relevance to disease detection and 
treatment. The topic of risk factors is by no means neglected, nor are discussions 
of the advantages, challenges and complications of current therapeutic vascular 
interventions. Several chapters delve deeply into tissue biomechanics, and the 
difficult mathematical coupling of interactions between fluid and solid mechanics 
is a topic that is treated. The book concludes with a chapter on biomechanical 
considerations of animal models for aneurysms, thus completing a quite 
comprehensive volume of material that represents the latest and best in our 
understanding of this important disease. 

Professor McGloughlin and his colleagues have assembled a book that is an 
extremely valuable component in the series of volumes in "Studies in Mechano- 
biology, Tissue Engineering and Biomaterials." They are to be congratulated for 
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producing a volume that is a must for the desk of every investigator exploring 
the causes, detection and treatment of aneurysms. 

Atlanta, Georgia Don P. Giddens 

Lawrence L. Gellerstedt 

Jr. Chair in Bioengineering and Georgia 

Research Alliance Eminent Scholar 

Georgia Institute of Technology 



Preface 



Aneurysms have claimed the lives of many famous people including Albert Einstein 
and former French President Charles De Gaulle and yet a complete understanding of 
the causes of aneurysms remains remarkable elusive. The clinical investigation of 
aneurysm behaviour has been a highly topical subject for almost 250 years with 
reports in Philosophical Transactions (1683-1775) entitled "Concerning aneurysms 
of the Thigh" by Benjamin Gooch Surgeon at Norwich in 1775 and "An account of 
an aneurysm of the aorta dissected" in St. Bartholomew's Hospital London by 
Surgeon Pierce Dod MD and in 1785 John Hunter was the first to successfully ligate 
a popliteal artery aneurysm, these being perhaps some of the earliest clinical case 
reports of modern times. 

On observation of middle aged males one frequently concludes that they are 
healthy and fit, yet amongst those over 65 years of age it is estimated that almost 
10% of them may have an aneurysm of one form or another. With the remarkable 
success of statin therapy in dealing with coronary artery disease and the steady 
decline in incidence of coronary artery disease, the impact of other cardiovascular 
diseases on mortality and morbidity has grown steadily over the last 20 years. 

Accompanied by this increased incidence has come more regular and system- 
atic screening of subjects and a remarkable suite of greatly improved diagnostic 
tools. In this monograph, the current thinking on aneurysm diagnostics, aneurysm 
mechanobiology and the range of therapeutic options are explored from a 
biomechanics perspective. All of the authors are currently active in cutting edge 
research related to aneurysm behaviour or treatment. I hope that this book will 
provide fresh insights into aneurysm diagnostics and therapeutics for the clinical, 
bioengineering and scientific communities and inspire them to work even more 
collaboratively than here-to-fore and thereby lead to improved outcomes for the 
many aneurysm sufferers. 

The book tries to capture key topics in aneurysm biomechanics and 
mechanobiology in a fashion that is accessible to the readership and yet provides a 
good overview of the current state-of-the-art from some of the world's leading 
experts in aneurysm behaviour modelling and treatment. 
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Abdominal aortic aneurysm (AAA) disease is a chronic degenerative disorder 
and is an important cause of preventable deaths in older patients. Prevalence rates 
are estimated between 1.3 and 8.9% in men and between 1.0 and 2.2% in women. 
Rupture of an AAA is responsible for 1.3% of deaths in men aged 65-85 years, 
and accounts for 10,000 deaths annually in the United Kingdom. Survival after 
ruptured AAA is in the region of 10-20%. In the case of small aneurysms (dia- 
meter <5.5 cm), the usual treatment is careful and frequent observation. However, 
if the aneurysm diameter exceeds 5.5 cm or is rapidly growing, aneurysm repair is 
usually recommended. However, with the aging of the population and the 
increasing number of smokers, the incidence of the AAA is rising. The classical 
risk factors for atherosclerosis, such as tobacco smoking, male sex, age, 
hypertension, and hyperlipidaemia have all been found to be also risk factors for 
AAA. The degradation of the aortic wall is also influenced by tobacco smoking, 
sex, age, hypertension, chronic obstructive pulmonary disease, hyperlipidaemia, 
and family history of the disorder. With recent advances in non-invasive diag- 
nostic imaging more AAAs are being detected. Approximately 150,000 new cases 
are diagnosed each year in the USA, and as many as 15,000 deaths per year are 
attributed to AAA rupture. 

The prevalence and incidence of thoracic aortic aneurysms (TAA) is more 
difficult to assess than is the abdominal portion of the aorta due to poorer access to 
screening. The overall incidence rate of TAAs is estimated at 10.4 per 100.000 
person-years. Intracranial aneurysms (lA) are found in 2-6% percent of the pop- 
ulation and can present occasionally with a devastating and often fatal intracranial 
bleed. Ruptured I A is estimated to account for 8% of all strokes. These high levels 
of aneurysm occurrence and the associated clinical morbidity and mortality rates 
highlight the need for a greater understanding of the biomechanical behaviour of 
all forms of aneurysms. 

Since the seminal work of Paul and others at the Univeristy of Strathclyde on 
the biomechanics of hip replacement in the late 1960s, biomechanics has grown to 
be a major scientific discipline encompassing many diverse aspects of medical 
technology and associated therapies. With the development of improved imaging 
techniques such as computer tomography (CT) and magnetic resonance imaging 
(MRI), biomechanists have been able to create very high quality realistic models 
of skeletal and soft tissue structures. These high quality models have enabled 
engineers and scientists to develop physiologically realistic simulations both in 
silico and in vitro which allow the behaviour of the biological systems to be 
extensively studied. The development of computational analysis of these structures 
is becoming increasingly valuable in a clinical setting and there is now frequent 
interaction between engineers and surgeons in the planning phase of major 
interventions. Furthermore the models allow advanced simulations of the in vivo 
situation to be analysed and the influence of pressure, temperature, flow and force 
in healthy, diseased and treated situations can be thoroughly investigated. In the 
context of this book, this is particularly the case and many of the studies of 
aneurysmal behaviour presented utilise advanced modelling methods to provide 
new insights into their response to the phyiological action of arterial blood. 
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In Chap. 1, the pathophysiology of the aorta is considered and the contribution 
of genetic risk factors to the development, growth and rupture of aneurysms in 
different segments of the arterial tree is considered. The role of inflammation and 
matrix metalloproteinases (MMPs) in the pathogenesis of AAA by causing 
proteolytic degradation of structural proteins is also presented as are aneurysm size 
and growth rate. Remaining with the diagnostic theme, Chap. 2 presents a wide 
range of approaches for imaging of aneurysms. These are divided into techniques, 
which principally provide information on structure (X-ray projection imaging 
including angiography, CT, MRI, ultrasound) and those which provide information 
on biological function. The principal example of the latter is positron emission 
tomography (PET), though it suffers from low spatial resolution. Simple mea- 
surement of the diameter made using 2D real-time ultrasound has to date been 
sufficient for the purposes of selection of patients for repair of abdominal aortic 
aneurysm (AAA) with CT, MRI and X-ray angiography being utilised when more 
detailed evaluation of anatomy is required. Information on blood velocity and 
related quantities such as flow rate can also be obtained using MRI and ultrasound. 
Measurements of wall distension occurring during the cardiac cycle can be 
obtained and may then be used to estimate the stiffness of AAA. Typically 3D 
imaging data may be obtained in AAA using CT or MRI, and in cerebral 
aneurysms using CT, MRI or spiral angiography. Data on inlet velocities may be 
obtained using Doppler ultrasound or MRI. The extraordinary advances in medical 
imaging technology both in terms of spatial and temporal resolution allows very 
high quality anatomical data to be gathered and plays an important role in many of 
the computational modelling approaches described in subsequent chapters. 

Chapter 3 further examines many of the strength issues in aneurysm tissues 
considering the dissection issues more common in the thoracic aorta and the 
rupture events associated with the abdominal aorta. Particular attention is focussed 
on the importance of the role of local wall strength and local wall stress and the 
mechanobiology of the failure mechanism. The pathobiologic mechanisms which 
may pre-dispose patients to both aortic and thoracic aneurysms are considered and 
their differing pathophysiologies are discussed in detail. This chapter articulates 
the state-of-the-art of aortic biomechanics noting a relative paucity of data relating 
to TAA. The importance of mechanical properties and stress patterns in the tissue 
and the clinical value of such biomechanical parameters in predicting rupture 
behaviour are also considered. In Chap. 4 the growing role of computer-aided 
diagnosis (CAD) in the clinical arena in recent years and how such tools can be 
utilised in the assessment of aneurysm behaviour is discussed. Dividing CAD into 
detection and quantification techniques enables the engineering analyst to develop 
usable quantities aimed at helping identify aneurysms that may be at risk of 
rupture, with the primary focus being on the more common AAA. The role of peak 
wall stress, and vascular asymmetry and rupture indices based on finite element 
analysis and their potential use as clinical adjuncts to aneurysm diameter are 
discussed. The development of advanced computational modelling tools with the 
capability to identify rupture locations and incidence has given rise to an 
increasing demand for knowledge of the mechanical properties of the healthy and 
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diseased arterial tissue. In Chap. 5 this important topic is considered with a view to 
providing a better understanding of the mechanical behaviour of aortic tissue. An 
improved understanding of the mechanical properties of the vascular tissue will 
enhance our ability to predict aneurismal behaviour and to design implants that can 
stay in place and/or protect the aneurysm wall from blood pressure. The authors 
review the current state of literature on the mechanical properties of AAA tissue, 
and the challenges faced in determining these properties. 

In Chap. 6 the highly successful and modern technique of endovascular repair 
of abdominal aortic aneurysms (AAAs) is examined in detail. Once again the 
benefits of computational modelling are highlighted and the combination of the 
power of computational fluid dynamics with the investigations of structural issues 
in models of post-operative cases is presented. This approach, known as fluid 
structure interaction (FSI), is particularly useful as both the fluid forces acting on 
the graft and stresses on the aneurysm wall following the placement of the device 
can be investigated. The stresses and hemodynamics in healthy, diseased and 
treated aneurysms are presented and the magnitude, direction and possible clinical 
role of the forces, moments and pressures acting on the implanted devices are 
discussed. In addition the authors consider some patient specific influences, which 
may need to be further investigated. Continuing with the FSI approach Chap. 7 
examines a range of numerical simulations of normal aortas, ruptured and non- 
ruptured AAAs again utilising patient specific geometries reconstructed from CT 
scans. The models incorporated material properties of the arterial wall, 
intraluminal thrombus (ILT), and associated calcifications and also considered the 
role of iliac bifurcation and neck angulations and hypertension in rupture behav- 
iour. The analysis focuses on the importance of material properties in the 
numerical investigations and considers the importance of directional strength of 
the tissue as well as the influence of intraluminal thrombus (ILT), suggesting that 
the ILT may alleviate stresses in the aneurysm wall. The position of peak wall 
stresses and the usefulness rupture potential index (RPI) in AAA simulations are 
shown to offer clinical potential as are geometrical features in the aneurysms. 

Expanding further on the biomechanical theme Chap. 8 further explores the 
clinical complications associated with the endovascular approach to treatment of 
AAAs and TAAs. The major bioengineering design challenges associated with 
endovascular stent-grafts including endograft migration (i.e., loss of positional 
stability), stent fractures and endoleaks (i.e., persistence of blood flow into the 
aneurysm sac after device placement) are all examined. Since these complications 
are frequently life-threatening and costly events, and can give rise to the need for 
secondary procedures and life-long follow-up with imaging studies a more 
comprehensive understanding of the biomechanical environment experienced by 
endografts in vivo is identified as a critical factor in improving their performance. 
The influence of tortuosity and size of the endograft on the mechanical loads 
experienced by the devices is examined as is the hemodynamic state of the patient. 
Fixation mechanics (radial pressure vs. hooks and barbs), the size of aortic area to 
which the stent-graft can attach, and the quality of the vessel wall in the attach- 
ment zone are all investigated and a succinct summary of the state-of-the-art in 
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computational patient- specific modelling is presented. In Chap. 9 experimental 
investigations of parameters, which are likely to reduce the ability of an implanted 
stent-graft for the treatment of Abdominal Aortic Aneurysm (AAA) to resist 
migration are presented. Stent-graft rigidity, geometry and attachment forces in 
models with differing compliance and with pulsatile wall motions induced by 
physiological flow are all presented and magnitudes of migration forces in 
endovascular stent-grafts are quantified. The magnitudes of these forces are of 
considerable importance in device design for EVAR applications. Iliac bifurcation 
angle and placement of the devices in tortuous configurations were found to also 
influence fixation behaviour. The test methods described could be of value in the 
future preclinical evaluation of stent-grafts and in the design phase of next gen- 
eration EVAR devices. 

Returning to the clinical theme, Chap. 10 examines thoracic aortic aneurysms in 
detail and discusses how these aneurysms can both rupture and dissect. The value 
of diagnostic CT is presented and a variety of treatment approaches are considered. 
These include open repair for proximal thoracic aneurysms (ascending and arch) 
which are predominantly treated using an open approach, and open or an 
endovascular approach in the descending aorta. The value of biomechanics and 
computational flow dynamics in gaining an insight into the magnitude and 
direction of the forces acting on these thoracic endografts and the subsequent 
patient benefits are also described. 

The theme of Chap. 11 moves up the body to the head and examines the 
challenging issues associated with intracranial aneurysms and while less frequent 
in occurrence, rupture can have similar devastating consequences to rupture in the 
other aneurysm locations. Advances in imaging techniques in recent years have led 
to the development of microneurosurgical techniques which have made permanent 
exclusion of the aneurysm from the circulation a valuable treatment option with a 
remarkable safety profile. In keeping with the rupture risk issues at other 
aneurismal sites, biomechanics research on device performance and flow 
mechanics and structural behaviour of lAs remain important topics. Chapter 12 
examines the structural issues in cerebral aneurysms in considerable detail and 
discusses the development of biomechanical models of arterial wall behaviour that 
accounts for the structural arrangement of collagen fibres in load bearing config- 
urations. Patient-specific geometry of the internal carotid artery is examined and 
growth and remodelling (G&R) of the aneurismal section is presented in what is 
believed to be the first patient-specific model of cerebral aneurysm evolution that 
incorporates a realistic constitutive model of the arterial wall and explicitly links 
G&R to the pulsatile mechanical environment. 

In Chap. 13, the role of animal models in determining underlying causes of 
aneurysms and in the development of new treatment options for aneurysm suf- 
ferers is presented. The animal models may be used for both refining surgical 
techniques and stent-graft device characterization and are typically implemented 
in large animals (dog, pig, and sheep). Recent efforts have also aimed at deter- 
mining both the biomechanical alterations that occur with aneurysm formation and 



xii Preface 

the potential for rapture. This chapter considers the appropriateness of these aortic 
aneurysms models for biomechanical investigation and points to future options. 

I would like to thank the authors and co-authors who have enabled me to put 
together a truly up-to-the minute book on biomechanics and mechanobiology of 
aneurysms which I hope will provide new insights to a wide readership. I would 
also like to pay tribute to my many colleagues who reviewed the various chapters 
and who provided many additional valuable inputs to the already excellent con- 
tributions. I would also like to pay tribute to the Series Editor, Professor Amit 
Gefen for his ongoing support and encouragement and to Christoph Baumann at 
Springer who has provided invaluable and continuous publishing support. 

Ireland, May 2011 Tim McGloughlin 
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Aneurysm: Epidemiology Aetiology 
and Pathophysiology 



Natzi Sakalihasan, Helena Kuivaniemi, Betty Nusgens, Rodolphe Durieux 
and Jean-Olivier Defraigne 



Abstract Abdominal aortic aneurysm (AAA) disease is a chronic degenerative 
disorder and is an important cause of preventable deaths in older patients. Prev- 
alence rates are estimated between 1.3 and 8.9% in men and between 1.0 and 2.2% 
in women. However, with the aging of the population and the increasing number of 
smokers, the incidence of the AAA is rising. The prevalence and incidence of 
thoracic aortic aneurysms (TAA) is more difficult to assess than for the abdominal 
portion of the aorta due to poorer access to screening. The overall incidence rate of 
TAAs is estimated at 10.4 per 100,000 person-years. The classical risk factors for 
atherosclerosis, such as tobacco smoking, male sex, age, hypertension, and 
hyperlipidemia have all been found to be also risk factors for AAA. The patho- 
physiology of the aorta above and below the diaphragm has shown significant 
differences in biomechanical properties, atherosclerotic distribution, proteolytic 
pattern, and cell signaling pathways that have implications in the development of 
an aortic aneurysm. During the last decades an overwhelming amount of evidence 
has been accumulated in support of genetic risk factors contributing to the 
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development, growth and rapture of aneurysms in different segments of the arterial 
tree. Inflammation and matrix metalloproteinases (MMPs) also play a key role in 
the pathogenesis of AAA by causing proteolytic degradation of stractural proteins. 
The size of an aneurysm is a universally recognized factor in predicting the 
probability of rupture; the risk of rupture increases as the diameter of the aneurysm 
increases. Rupture occasionally occurs in small aneurysms. The risk of rupture and 
dissection of TAAs also increase with increasing diameter. In addition, not only 
the size but also the growth rate of the aneurysm has been consistently shown to be 
critical in predicting rupture. 



1 Introduction 

The word "aneurysm" derives from the Greek xvEDpuafia (aneurusma), meaning 
widening, and can be defined as a permanent and irreversible localized dilatation 
of a vessel. This "abnormal" dilatation involves the three layers of the vascular 
wall: the intima, the media, and the adventitia. This definition differentiates an 
aneurysm from a false aneurysm, which is a perivascular pulsatile hematoma 
secondary to a vessel injury. In a pseudoaneurysm the capsule is devoid of any 
vascular structure: the external limit of the pulsatile dilatation is made of amor- 
phous fibrous material. Similarly, the infiltration of blood within the vascular wall 
as in aortic dissection is not an aneurysm in the strict meaning of the term. 

In terms of morphology, reviewed in detail by Slaney [152], two types of dila- 
tation involving all the layers of the vessel wall can be recognized. Most aneurysms 
are fusiform since the whole circumference of the artery is affected. In contrast, an 
aneurysm is designed "saccular" if it involves only a part of the circumference. 

The normal diameter of the abdominal aorta varies with age, sex, and body weight, 
[11] and decreases progressively from its entry into the abdominal cavity to the iliac 
bifurcation. In elderly men, the infrarenal abdominal aortic diameter measures 
between 15 and 24 mm [91]. McGregor and colleagues [105] defined an abdominal 
aortic aneurysm (AAA) as an aorta with an infrarenal diameter greater than 30 mm. 



2 Epidemiology of Aortic Aneurysms 

2.1 Abdominal Aortic Aneurysm 

Aneurysmal dilation of the abdominal aorta (AAA) represents a chronic 
degenerative disease and is an important cause of preventable deaths in elderly 
patients. In fact the mortality rate due to AAA is about 1.3% of all deaths among 
men aged between 65 and 85 years in the western world and constitutes the 14th 
leading cause of death in the United States and the tenth leading cause of death 
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in older men, who are the principal victims [86]. The incidence of aortic 
aneurysm seems to have increased over the past two decades. This increased 
frequency can be explained either by improved detection and/or by an actual 
increase in the number of aneurysms as suggested by some recent data [45, 122]. 
Moreover, determining the true incidence of aortic aneurysms is challenging, 
mainly at the thoracic level. Many cases remain undetected because aneurysmal 
disease is usually silent until it becomes complicated either by dissection, rupture 
or embolisation. The second reason for underestimating the incidence of the 
disease is that the lethal aortic dissections or ruptures are often misdiagnosed as 
myocardial infarction [44]. 

The incidence of AAA has increased due in part to the ageing of the population, 
the rise in the number of smokers, the introduction of screening programmes and 
improved diagnostic tools. Abdominal aortic aneurysms are diagnosed each year in 
200,000 patients in the United States. The total number of people with AAA is 
estimated at around 2 million in the United States. Rupture of these aneurysms 
causes roughly between 6,000 and 10,000 deaths per year in the USA [56, 143, 155]. 
A higher incidence of AAA has been reported in northern Scandinavia and the 
incidence of rupture may be increasing in the European Union population [1]. The 
disorder is more common in men than in women and frequency of the disease is 
higher with increasing age. Prevalence rates are estimated at between 1.3 and 8.9% 
in men and between 1.0 and 2.2% in women [87, 88, 94, 95, 99, 151, 170]. 
However, since smoking is one of the most important risk factors for abdominal 
aortic aneurysm [99, 170] and the number of female smokers is rising [17] the sex 
ratios for the prevalence of the disorder will probably change in the future [151]. 
The prevalence of abdominal aortic aneurysms in tobacco smokers is more than 
four times that in life-long non-smokers [170]. 

Most aneurysms discovered by screening are of small size and do not need 
immediate intervention [9, 167]. However, they can enlarge with time with a mean 
rate that is initially slow and then increases exponentially [93]. Epidemiological 
screening studies suggest a strong association between AAA and atherosclerosis, 
coronary artery disease, and peripheral arterial disease, although the etiologic 
relation between atherosclerosis and aneurysmal disease remains controversial. So 
it is not surprising that the frequency of AAA in subjects >60 years of age with 
coronary artery disease was reported as high as 14% [100]. 



2.2 Thoracic Aortic Aneurysms 

Most thoracic aortic aneurysms (TAAs) occur in the ascending aorta followed by 
the descending thoracic aorta, the aortic arch and the thoraco- abdominal aorta. The 
average age at the time of diagnosis is around 70 years, with women being sig- 
nificantly older than men [27]. The leading cause of mortality from this type of 
aneurysm is aortic rupture, accounting for 60% of deaths [27, 129]. Thoracic 
aortic aneurysm rupture is associated with an exceedingly high mortality of 
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94-100% [12, 71]. The prevalence and incidence of aneurysms of the thoracic 
aorta is more difficult to assess than for the abdominal portion due to poorer access 
to screening. 

Similar to abdominal aortic aneurysms, the incidence of thoracic aneurysms 
increased significantly during the past two decades in both sexes partly because of 
the increasing use of CT-scanning. 

In a cohort study Clouse and colleagues reported an overall incidence of TAAs 
of 10.4 per 100,000 per year with the incidence increasing with age [27]. Olsson 
and co-workers studied the incidence of thoracic aortic aneurysms and dissections 
in the Swedish population and reported an annual incidence of 16.3 per 100,000 in 
men and 9.1 per 100,000 in women [122]. The incidence is higher than in the 
previous study but dissections were excluded in the study led by Clouse. The 
incidence has increased by 52% in men and 28% in women over a 15 -year-period 
while the median age at diagnosis has decreased from 73 to 71 years. 



3 Aetiology and Risk Factors 
3.1 Bicuspid Aortic Valve 

Bicuspid aortic valve (BAV) is the most common congenital heart malformation, 
affecting 1-2% of the population, and constitutes an important risk factor for the 
development of aortic valve disease (regurgitation, stenosis or both). Surgery for 
fibrocalcific stenosis will be eventually required in more than 75% of patients with 
BAV. Several studies have established familial clustering of bicuspid aortic valve, 
presumably indicating genetic inheritance [29, 68]. Dilatation of the aortic root 
and ascending thoracic aorta is common in patients with bicuspid aortic valves and 
the risk of acute dissection is increased. The prevalence of aortic dilatation in BAV 
has been estimated at between 33 and 80% and the tubular portion of the ascending 
aorta is involved twice as often as the aortic root [37, 116]. The precise mecha- 
nisms underlying the development and progression of thoracic aortic disease in 
BAV patients have not been clearly established. Two hypotheses have been pro- 
posed to explain the development of aortic dilatation [28]. The first theory is a 
poststenotic dilatation associated with increased wall shear stress due to modified 
flow profile, as can be seen in tricuspid valve stenosis. The other hypothesis for the 
high incidence of aortic dilatation in BAV patients is that the disease is associated 
with a congenital aortic fragility responsible for cystic medial degeneration in the 
aortic wall of the ascending aorta. There is considerable evidence to support the 
second hypothesis. Aortic aneurysm can occur in BAV patients in absence of valve 
dysfunction [123]. Yasuda and co-workers showed that aortic valve replacement 
alone could not prevent progressive aortic dilation in BAV, suggesting an intrinsic 
abnormality of the aortic wall [186]. Moreover cystic medial necrosis was present 
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in the wall of the ascending aorta of 75% of patients with BAV compared to 14% 
of patients with tricuspid aortic valve undergoing the same surgery. A congenital 
deficiency in fibrillin- 1 in the aortic wall of BAV patients could be the underlying 
cause of this aortic wall fragility [50]. 



3.2 Thoracic Aortic Aneurysms 

The aetiology of TAAs is thought to be multifactorial, with genetic, environmental, 
and physiologic influences identified. A combination of factors may play a role in 
weakening the aortic wall which results in aortic dilatation and aneurysm forma- 
tion. Aneurysmal disease of the aorta is characterized by regional heterogeneity 
between the thoracic and the abdominal aorta and even within the thoracic region. 
The thoracic aorta is itself divided in four segments (aortic root, ascending aorta, 
arch and descending aorta). 60% of thoracic aortic aneurysms involve the aortic 
root and/or ascending aorta, 40% involve the descending aorta, 10% involve the 
arch, and 10% involve the thoracoabdominal aorta (with some involving more than 
1 segment) [69]. The pathophysiology of the aorta above and below the diaphragm 
has shown significant differences in biomechanical properties, atherosclerotic 
distribution, proteolytic pattern, and cell signalling pathways that have implications 
in the development of an aortic aneurysm [137]. As described above, AAA is 
strongly associated with atherosclerosis; although some TAAs are also associated 
with atherosclerotic disease, many occur in the complete absence of plaque 
deposition [70]. Achneck and colleagues have even reported that aortic root 
pathology (annulo-aortic ectasia or type A dissection) is associated with decreased 
systemic atherosclerosis compared to control subjects [2]. 

Nevertheless some risk factors are the same for both aortic regions: male sex, 
advanced age, cigarette smoking, hypertension, chronic obstructive pulmonary 
disease, and coronary artery disease. Moreover an abdominal aortic aneurysm is 
diagnosed in approximately 20% of patients with large TAA [127]. 

The majority of aneurysms of the descending thoracic aorta are associated with 
atherosclerosis and could be related to abdominal aneurysms in terms of physio- 
pathology and risk factors [69]. 

Aneurysms of the aortic root and ascending aorta are most commonly related to 
gradual degenerative changes (loss of elastic fibers) in the medial layer of the 
aortic wall. This process is known as cystic media necrosis and is characterized by 
smooth muscle cell 'drop out', elastic fibre degeneration and the accumulation of 
mucoid material within cystic spaces in the media. Cystic medial degeneration 
occurs normally to some extent with aging, and the process is accelerated by 
hypertension. These changes within the muscular layers of the aorta may be 
associated with some genetic syndromes (Marfan' s syndrome, Ehlers-Danlos 
syndrome, bicuspid aortic valve, Loeys-Dietz syndrome and Familial Thoracic 
Aortic Aneurysm syndrome), acquired defects in the aortic media or idiopathic 
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3.3 Abdominal Aortic Aneurysms 

There are many causes of aneurysmal dilatation, but few abdominal aortic 
aneurysms are tiie direct consequence of specific causes such as trauma, acute 
infection (brucellosis, salmonellosis), chronic infection (tuberculosis), inflamma- 
tory diseases and connective tissue disorders (Marfan Syndrome, Ehlers-Danlos 
type IV) [160]. Some causes are quite exceptional (Beh9et and Takayasu disease) 
[48, 103]; others have a historical context (syphilis). 

Most abdominal aortic aneurysms are non-specific in origin. Moreover, because 
this disorder is invariably associated with severe atherosclerotic damage of the 
aortic wall, it has been traditionally regarded that AAAs develop as a consequence 
of atherosclerosis [131]. This conventional view has been increasingly challenged 
in recent years. Clinical and basic research studies indicate that aneurysms arise 
through pathogenic mechanisms that differ, at least in part, from those responsible 
for athero-occlusive disease [158, 182]. Much published work lends support to this 
concept [23, 55]. Defawe and colleagues [33] showed that two physiological 
inhibitors of proteases (TIMP-2 and PAI-1) were expressed less in abdominal 
aortic aneurysms than in athero-occlusive disease, suggesting a significant role for 
protease inhibitors during the divergent evolution of the initial atherosclerotic 
plaque towards either abdominal aortic aneurysm or athero-occlusive disease. 
Moreover, since not all patients with atherosclerosis develop an abdominal aortic 
aneurysm, even if atherosclerosis does have a role in the pathogenesis of the 
disorder, additional factors are probably involved in aneurysm development. The 
classic risk factors for atherosclerosis, such as tobacco smoking, male sex, age, 
hypertension, and hyperlipidemia have all been found to also be risk factors for 
AAA [14, 18, 88, 151, 156, 170]. Moreover several studies report a familial 
clustering of the disorder supporting a genetic contribution to the development of 
AAA [16, 25, 72, 81, 101, 125, 135, 148, 171]. There is a strong clinical asso- 
ciation between tobacco smoking and aneurysm development [14, 17, 96, 170]. 
A report that compared relative risks for different diseases in chronic cigarette 
smokers showed that the risk of developing abdominal aortic aneurysms is three- 
fold greater than the risk of developing coronary artery disease and nearly five- 
fold greater than the risk of developing cerebrovascular disease [89]. Based on 
these clinical observations, chronic tobacco smoking is probably the most 
important environmental risk factor for development and progression of aortic 
aneurysms. The rate of growth of AAAs has been reported to be higher in current 
smokers than in non-smokers (2-83 mm per year vs. 2-53 mm per year, respec- 
tively) [18, 99]. The mechanisms by which smoking could promote aneurysm 
formation remain unknown and are being investigated [19]. 

The recently published data of the 7-year prospective Troms0 study reported 
male sex, increasing age, smoking, hypertension, hypercholesterolemia and low 
high-density lipoprotein cholesterol as risk factors for developing an AAA [53]. 
Surprisingly, the use of statins was associated in this study with increased risk of 
AAA although experimental data show down regulation of major mediators of 
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AAA progression by statins. [39, 149] Perhaps only individuals with very high 
cholesterol levels were treated, and treatment most likely was suboptimal. 

Although diabetes is a major risk factor for developing atherosclerosis, large 
epidemiology screening studies showed either a negative association or no asso- 
ciation between diabetes and AAA [39, 179]. 



4 Genetics of Aneurysms 

During the past 10 years an overwhelming amount of evidence has been accu- 
mulated in support of genetic risk factors contributing to the development, 
growth and rupture of aneurysms in different arteries of the body [83, 84, 109, 
114, 115, 162, 178].. Aneurysms in different locations such as those in the 
thoracic aorta, the abdominal aorta and the intracranial arteries do not often occur 
in the same individual or even in different members of the same family. It has, 
therefore, been concluded that genetic risk factors differ based on the location of 
the aneurysm (Fig. 1) [114, 115, 162, 164]. There are some exceptions to this 
observation, one of the most important ones being the discovery of a common 
polymorphism located on the 9p21 chromosomal region and associated with both 
intracranial (lA) and abdominal aortic aneurysms (AAA) [63]. The genetics of 
thoracic aortic aneurysms and dissections (TAAD] appears to differ from that of 
the other types of aneurysms in the sense that they are more often single gene 
disorders where a mutation in one single gene explains the disease and is highly 
penetrant [109]. 

Many different approaches have been used to identify genetic risk factors for 
aneurysms. These methods include (1) DNA sequencing of candidate genes based 
on known pathobiology of the diseases; (2) genetic association studies with 
polymorphisms in candidate genes; (3) family-based DNA linkage studies to 
identify chromosomal regions likely to harbor a gene contributing to the disease; 
(4) DNA linkage studies using affected-relative pairs (ARPs) to reduce diagnostic 
uncertainty; and (5) genome-wide genetic association studies (GWAS) with cases 
and controls to analyze the entire genome with single nucleotide polymorphisms 
(SNPs). For a discussion on advantages and disadvantages of these approaches in 
studying aneurysms, the reader is referred to previously published reviews [80, 82, 
92, 114, 115, 161, 162]. The choice of methods used depends largely on the 
number and type of available samples as well as the expected results and research 
questions asked. The cost of experiments also varies widely between the different 
approaches. For example, if the investigator has collected blood samples from 50 
to 100 members of a large family in which individuals with the disease have been 
diagnosed in several generations, the obvious choice would be to carry out a 
genome-wide DNA linkage analysis using genomic DNA isolated from the blood 
samples. On the other hand, if samples are available from only a very limited 
number of patients, the only feasible approach would be DNA sequencing of 
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Fig. 1 Chromosomal localizations of the genetic susceptibility loci for AAA, lA and TAAD. 
Altogether four, sixteen and seven loci for AAA (black symbols), lA (open symbols) and TAAD 
(grey symbols), have been reported in the literature. Vertical lines adjacent to the chromosome 
ideograms indicate regions identified by DNA linkage studies and round symbols indicate 
locations of SNPs found in genetic association studies. The chromosome 9p21 region which 
contains the genetic variant rsl0757278 associated with coronary artery disease, AAA and lA 
[63] is indicated with a star. Modified from [114, 1 15]. For details see text. The ideograms can be 
obtained from "Idiogram Album: Human" (copyright' 1994 David Adler, University of 
Washington, Department of Pathology) at http://www.pathology.washington.edu/research/ 
cytopages/idiograms/human/ 



candidate genes to find out if the gene iiarbors mutations in the biologically 
plausible candidate gene. Two or more of the approaches can also be combined. 
For example, the investigator might consider DNA sequencing of candidate genes 
after first identifying a genomic region by DNA linkage study and then selecting 
genes located in that genomic region and having a potentially plausible role in 
disease pathogenesis. 
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4.1 Genetic Risk Factors Associated with Intracranial Aneurysms 

Several DNA linkage analyses [54, 178] and two GWASs [13, 187] have been 
carried out for intracranial aneurysms (lA). These studies have identified 16 lA 
susceptibility regions on chromosomes 1, 2, 4, 5, 7, 8, 9, 10, 11, 12, 13, 14, 17, 18, 
19, and X (Fig. 1), suggesting vast genetic heterogeneity [13, 54, 178, 187]. 
Similar to AAA, the association to the SNP located on the chromosome 9p21 has 
been replicated in many studies and in many different populations and it can now 
be considered a true genetic risk factor for lA [36, 62, 63, 187]. In a recent study 
smoking was shown to interact with the 9p21 locus providing evidence for gene- 
environment interaction [36]. 

4.2 Mutations Leading to Thoracic Aortic Aneurysms 
and Dissections 

Altogether seven susceptibility loci for TAAD are currently known (Fig. 1), but 
they do not explain the familial aggregation of TAAD in all the families that have 
been studied, suggesting that additional loci will be found [109]. There is con- 
siderable overlap between the syndromic and non-syndromic forms of TAAD at 
the molecular level. Two TAAD loci on 3p24-25 and 9q33-q34 are the same as the 
genetic loci for the Loeys-Dietz syndrome, a rare autosomal dominant syndrome 
with a variety of clinical features, including generalized arterial tortuosity with 
ascending aortic aneurysm and dissection [109]. Also, the 16pl3.13-pl3.12 TAAD 
locus was identified using a large 178-member French family with TAAD and 
patent ductus arteriosus [75]. 

Four genes have been found to harbor mutations in patients with TAAD. These are 
the genes for: (1) transforming growth factor fj receptor 1 (TGFBRl); (2) trans- 
forming growth factor /? receptor 2 {TGFBR2); (3) smooth muscle myosin heavy 
chain 11 (MYHll); and (4) smooth muscle alpha actin 2 (ACTA2) [60, 109, 189]. 

These genetic studies have helped to dissect the pathobiology of TAAD in that 
dysregulation of TGF/J signaling appears to be one of the potential mechanisms 
leading to TAAD. Another molecular mechanism involved in TAAD and revealed 
by the genetic studies is smooth muscle contractility, since two genes, MYHll in 
oblique please and ACTA2 in oblique please from this functional class, harbor 
mutations in patients with TAAD [109]. 

4.3 Genetic Risk Factors Associated with Abdominal Aortic 
Aneurysms 

Population-based studies have demonstrated that family history of AAA is an 
important risk factor for AAA with an odds ratio (OR) of 1.96 (95% CI: 1.68-2.28) 
[114, 115]. The lifetime prevalence of AAA among siblings of AAA patients is 
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estimated to be about eightfold higher than in the general population [120]. 
A recent twin study also strongly supported the involvement of genetic factors in 
AAA [176]. 

Two formal segregation analyses revealed statistically significant evidence for a 
genetic model with a major gene effect in AAA [101, 171]. Several studies have 
also reported on collections of AAA families [81, 119, 159], the largest one with 
233 multiplex families [81]. In this study 72% of the AAA families were con- 
sistent with an autosomal recessive inheritance pattern, while 25% showed an 
autosomal dominant pattern of inheritance. Finding different modes of inheritance 
in separate collections of families is consistent with AAA being a multifactorial 
disease where different loci can have distinct modes of inheritance. 

Several approaches have been used to study the genetics of AAA. DNA linkage 
study on 235 ARPs from 119 AAA families found significant linkage on chro- 
mosomes 4q31 (LOD score = 3.73, p = 0.0012) and 19ql3 (LOD score = 4.75, 
p = 0.00014) [148]. In this study sex and number of affected relatives, and their 
interactions were used as covariates, allowing for genetic heterogeneity. These 
genomic regions were designated as AAA2 and AAAl susceptibility loci, 
respectively, in Online Mendelian Inheritance in Man (OMIM) (Fig. 1). The 
19ql3 locus was found also in another DNA linkage study for AAA using Dutch 
AAA families [169]. The chromosome 4 and 19 candidate regions contain a large 
number of plausible and physiologically relevant positional candidate genes such 
as low density lipoprotein receptor-related protein 3 {LRP3), peptidase D (PEPD), 
hepsin (HPN), interleukin 15 {IL15), GRB2-associated binding protein 1 (GABl) 
and endothelin receptor type A (EDNRA), but detailed analyses on them have not 
yet been reported. 

A genome-wide genetic association study for AAAs using pooled DNA samples 
and a case-control design found an AAA-associated haplotype on chromosome 
3pl2.3 (Fig. 1) [46]. One SNP in this region (rs7635818) was genotyped in a total 
of 502 cases and 736 controls from the original study population (P — 0.017) and 
448 cases and 410 controls from an independent replication sample (P = 0.013; 
combined P — 0.0028; combined OR = 1.33). An even stronger association with 
AAA was observed in a subset of smokers (391 cases, 241 controls, P = 0.00041, 
OR — 1.80), which represent the highest risk group for AAA. The AAA-associated 
haplotype is located 200 kbp upstream of the transcription start site for the 
contactin 3 gene (CNTN3), a member of a family of cell adhesion molecules. It is a 
plausible candidate gene, but further studies are needed to establish what role 
CNTN3 plays in AAA pathophysiology. 

To date, the largest genetic study on AAA used 2,836 AAA cases and 16,732 
controls to test a SNP (rsl0757278) discovered in a separate GWAS on coronary 
artery disease, in five different vascular phenotypes: coronary artery disease, 
peripheral artery disease, atherosclerotic stroke, lAs and AAA [63]. The SNP 
(rsl0757278), located on chromosome 9p21, was associated with AAA 
(P = 1.2 X 10-'^;OR= 1.31, 95% CI: 1.22-1.42). It was also associated with all 
other phenotypes except atherosclerotic stroke. This is the first genetic variant 
common to AAA, lAs and other cardiovascular diseases and it suggests shared 
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pathophysiology in these vascular diseases. The SNP is located only 10 kbp away 
from rsl0811661, a SNP known to be associated with type 2 diabetes. The two 
SNPs are not associated with one another, and AAA or lA are not associated with 
rs 108 11 661. This finding is in agreement with epidemiological data demonstrating 
that diabetes is not a risk factor for AAA or lA [146]. 



4.4 How Does the Genetic Information on Aneurysms Help us 
in Explaining the Disease Process? 

Discovering an SNP associated with a disease provides the start of a research 
project to functional studies to explain the variant's contribution to the disease 
pathogenesis. Identification of two key mechanisms, defects in TGF^ signaling 
and smooth muscle contractility, leading to TAAD are examples of success stories 
on this front. DNA linkage studies were used to identify the genomic regions likely 
to harbor mutations in patients with TAAD in these families. Candidate genes in 
the regions were analyzed in detail and sequence changes were found. The role of 
these mutations was then tested in cell-culture systems. Future work will include 
studies on mice genetically engineered to carry the same mutations identified in 
humans to close the loop into causality. 

One of the more difficult situations was to explain the contribution of the SNP 
associated with AAA and lA on chromosome 9p21, since the closest gene to this 
SNP is a non-coding RNA gene, called ANRIL, and very little is known about the 
function of non-coding RNAs. Interestingly, ANRIL has at least three alternatively 
spliced transcripts, the expression of which varies in tissues [66]. Recent studies on 
mice with a deletion of a 70 kbp region encompassing the SNP and portions of 
ANRIL, but not the two closest protein coding genes CDKN2A and CDKN2B, 
showed that cardiac and vascular expression of CDKN2A and CDKN2B was 
affected [172]. Cells cultured from the aortae of the mutant mice proliferated faster 
than those from control mice, and did not show signs of senescence. This phe- 
notype fits with risk for atherosclerosis and possibly occlusive disease, but it is 
more difficult to explain how it contributes to AAA and lA, which are charac- 
terized by smooth muscle cell apoptosis and loss. 

Another result from genetic studies that requires further work is the correlation 
of genetic and clinical findings. How should we interpret the findings when the 
same gene harbors mutations in patients with two seemingly different diseases? 
Should molecular diagnosis using "genomic nosology" be adopted [162], where all 
individuals with a mutation in the same gene are classified as having the same 
disease or should the clinical manifestations be the basis for diagnosis? The case for 
molecular diagnosis is that the spectrum of clinical manifestations of rare genetic 
diseases can be wide, and often overlaps those seen in more common diseases; 
consequently, presence of a mutation in a given gene would classify the disease 
more accurately. For example, one could argue that all patients with mutations in 
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TGFBR2 gene should be classified as having Loeys-Dietz syndrome. The case for 
diagnosis based on clinical manifestations is that although genetic analyses are 
useful for explaining the underlying pathogenesis, they do not accurately predict the 
clinical phenotype. Thus mutations in the same gene could lead to different but 
overlapping phenotypes, e.g., non-syndromic TAAD versus Loeys-Dietz syndrome 
for mutations in TGFBR2 [162, 164]. 

In many cases genetic studies alone are not enough, and multidisciplinary 
approaches are needed to explain disease process. To this end, genome-wide 
microarray-based RNA expression studies provide an unbiased way to assess the 
differences in diseased and undiseased tissue samples [162]. This approach has 
been used for AAA with aortic tissue [24, 90] and blood [57]. In an approach 
called "transcriptional genomics" the microarray results are then used to study the 
coordinated expression changes by analyzing the promoter regions of the genes 
with altered expression levels [114, 115]. The results indicated an important role 
for transcription factors belonging to the Ets family, and provided important leads 
for future studies and even suggestions for ways to interfere with the disease 
process pharmacologically [15, 114, 115]. 



5 Pathophysiology of Abdominal Aortic Aneurysms 

The development of abdominal aortic aneurysms is clearly associated with alter- 
ations of the connective tissue in the aortic wall. The role of inflammation in the 
pathogenesis of AAA and the specific biological remodelling involved in the 
enlargement of arteries has been investigated only in the last twenty years. Over 
the past two decades, it became clear that several distinct but interrelated processes 
contribute to the pathologic alterations observed in human AAA tissue. Some of 
the most important of these processes include chronic inflammation, increased 
production of matrix degrading proteinases and their inhibitors, and localized 
degradation of structurally important connective tissue proteins, especially elastin 
and collagen [21, 107, 134, 138]. More recently, several groups have focused on 
the role of immunity in the development of AAA. [30, 121]. 

The new pathophysiological challenge is to understand the cascade of biolog- 
ical events which initiate, aggravate and are associated with aneurysmal remod- 
eling [108]. 

Aortic aneurysms are characterized by thinning of the aortic media resulting 
from proteolytic injury to the extracellular matrix and smooth muscle cell disap- 
pearance, allowing further proteolytic injury leading to dilation and rupture. 
However, AAA and TAA present some striking differences: secondary (AAA) 
versus primary (TAA) pathology of vascular smooth muscle cells; linkage (AAA) 
or not (TAA) to atheroma; monogenic (TAA) versus polygenic (AAA) determi- 
nants; age and gender issues. Defining the similarities and differences are of great 
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importance for the understanding of these vascular remodeling processes involved 
in the pathogenesis of aneurysms. 



5.1 The Extracellular Matrix Proteins in Normal and Aneurysmal 
Aorta 

The extracellular matrix (ECM) is a complex assembly of fibrillar macromolecules 
and associated glycoproteins embedded in a hydrated ground substance made of 
glycosaminoglycans and proteoglycans. In the vascular system, as in any other 
connective tissue, besides providing the architectural framework and mechanical 
properties required for vessel function, the ECM plays an informational role 
towards resident cells. The ECM macromolecules are recognized by specific cell 
surface receptors, such as integrins and associated signaling molecules. These 
specialized transmembrane structures physically connecting the ECM to the cell 
cytoskeleton act as sensors and transducers of mechanical signals into biochemical 
messages that regulate many cell functions such as proliferation, migration, gene 
expression, tissue architectural organization, survival and programmed cell death. 
The ECM components also operate by their capacity to sequestrate and modulate 
the availability of soluble effector molecules such as growth factors and cytokines. 
Furthermore, proteolytic fragments of ECM macromolecules or cryptic domains 
may have distinct functions in various processes. 

The large blood vessels are made of three compartments: the intima, made of a 
single layer of endothelial cells lining the lumen; the media consisting of 50-80 
concentric layers of lamellar units rich in elastic and collagen fibers, and the 
adventitia made of a loose collagen-rich tissue containing fibroblasts and vascu- 
larized by vasa vasorum. The main structural components of the large vessels such 
as aorta are collagens and the elastic fibers that result from the deposition of elastin 
on a scaffold of microfibrils, mainly fibrillins. These fibrillar structures deposited 
by smooth muscle cells (SMC) in the media are the major components of the 
arterial wall that contribute to its mechanical properties and that provide the elastic 
recoil required in a closed circulatory system [175]. The medial lamellar units are 
formed of two parallel thick lamellae of elastic fibers enveloping SMC with 
numerous resistant interlamellar protrusions rich in elastin. Most of the fibrillar 
collagens, I, III and V are concentrated in compact fibers concentrically oriented, 
closely associated with the elastic lamellae, and decorated with small patches of 
biglycan, a small leucin-rich proteoglycan (SLRP). The interlamellar matrix 
contains many microfibrils rich in fibrillin 1 and collagen VI. Versican, a large 
chondroitin sulfate proteoglycan that can associate with hyaluronic acid, is found 
in the interstitial space and is presumably aimed at sustaining the compression 
generated by pulsatile forces [40]. Although collagen and elastic fibers largely 
contribute to the mechanical performances of the vessels, the associated glyco- 
proteins and proteoglycans are also significant actors in the maintenance of the 
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vessels as indicated by the vascular pathologies related to their structural alteration 
or signaling dysfunction as observed for fibrillin 1 in Marfan' s syndrome. 
Production of a matrix, mechanically competent and endowed with adequate 
signaling properties, involves a large number of biosynthetic steps and post- 
transcriptional modifications that are under the control of regulatory mechanisms 
issued from the environmental matrix as well as from soluble factors [85]. 

Three processes play a key role in the progression of AAA: inflammation and 
oxidative stress, degradation of the ECM of the aortic wall and impairment of its 
reconstruction associated to SMC depletion and apoptosis. A highly significant 
loss of elastin seems to be an early event in aneurysm formation resulting in elastic 
lamellae disruption and medial rarefaction without any substantial loss of collagen. 
The adventitial tissue that predominantly contains collagen may provide some 
mechanical resistance to the aorta in the absence of competent medial ECM. 
Collagen degradation seems to be the ultimate cause of rupture. The aneurysmal 
tissue is characterized by a large production of ECM-degrading enzymes (MMPs), 
proinflammatory cytokines and chemokines by the lympho-monocytic infiltrate 
and resident vascular wall cells, SMC and fibroblasts. Inhibitors of MMPs such as 
TIMPs and PAI-1 are also increased although with a balance in favor of prote- 
olysis [33]. A strong increase of MMP-9, and of its activated form, in human and 
experimental aneurysms has been consistently reported. Knowledge of the intricate 
signaling pathways converging to AAA formation and progression as well as the 
events leading to its rupture should help at the identification of pharmacological 
agents aimed at preventing AAA progression. 



5.2 Role of Metalloproteinases During the Development 
of AAA 

In the aortic wall, elastin and collagen can be degraded by specific proteases dis- 
playing elastase and collagenase activity. These proteases are produced by resident 
cells of the vascular wall (medial SMCs and adventitial fibroblasts) and by the cells 
of the lympho-monocytic infiltrate. These inflammatory cells in the media and 
adventitia arise from the aortic blood but also from the medial neovascularisation 
which is characteristic of AAAs [65, 67, 145]. Leukocyte recruitment into the aortic 
wall is promoted by elastin degradation fragments as well as pro-inflammatory 
cytokines, chemokines, and prostaglandin derivates released by both resident mes- 
enchymal cells and the inflammatory cells themselves [61, 78, 112, 113, 177] The 
proteolytic enzymes degrading elastin and collagen are defined as Matrix Metallo- 
Proteinases (MMPs) locally activated by either other MMPs or by plasmin generated 
by plasminogen activators [22, 23, 31, 32, 33, 49, 68, 98, 102, 117, 130, 133, 139, 
140, 147, 150, 157, 163]. The role of MMPs and plasmin in AAA development has 
been confirmed in animal models [3, 8, 22, 38, 41, 98, 128, 150]. In aneurysmal and 
other sclerotic aortic diseases, an inflammatory infiltrate is present. In AAA, 
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the inflammatory cells are present in the media and the adventitia, while this 
infiltration occurs mainly in the intima during aortic occlusive disease, as mentioned 
above by Defawe et al. Decreased gene expression of TIMP-2 and PAI-1 is observed 
in aneurismal tissues compared to occlusive aortic tissue. However, Thompson et al. 
observed an increased amount of Tissue Inhibitors of Matrix metalloProteinases 
(TlMPs) in the aneurysmal wall [156]; and Knox et al. as well as Tamarina et al. 
observed that the balance proteases/antiproteases was in favour of proteolysis 
[77, 153]. The significance of this imbalance during AAA development is reinforced 
by experimental studies in which the antiproteases are overexpressed or genetically 
inactivated [5, 6, 136]. 



5.3 Role of Thrombus During the Development 
of the Aneurysm 

The development of AAA is associated with a mural thrombus in the majority of 
cases. In contrast to arterial occlusive diseases (AOD), blood flow is maintained 
in AAA resulting in continuous remodeling of the thrombus components. 
Aneurysm diameter has been reported to correlate with the plasma concentra- 
tions of fibrin formation and degradation products [185] as well as with the 
concentration of the circulating complex, plasmin-a2-anti-plasmin [96], which is 
potentially related to thrombus turnover. The role of an adherent thrombus in 
aneurysmal degeneration has also been investigated. While the thrombus may 
significantly reduce aneurysmal wall stress, its increasing thickness leads to local 
hypoxia at the inner layer of the media; this may induce increased medial 
neovascularisation and inflammation [174]. The idea that thrombus may be a 
source of proteases contributing to aneurysmal evolution has also been suggested 
following the initial report of high MMP-9 activity in thrombus [139, 140]. 
Recent results suggest that platelet activation and fibrin formation play a critical 
role in AAA development and rupture [73, 74]. Intra Luminal Thrombus (ILT) 
activities are polarized: initiated at the luminal interface with circulating blood, 
these activities are progressively conveyed towards the aneurysmal wall. 
Luminal platelet activation and fibrin formation convey zymogens from the 
blood towards the aneurysmal wall, thus participating in the extracellular matrix 
degradation [52]. On the abluminal pole, ILT was completely proteolysed and 
resembled the necrotic core of vulnerable plaque. Therefore, AAAs represent an 
accessible spatio-temporal pathophysiological model of human atherothrombosis, 
linking biological activities to clinical expression. In addition, Fontaine [51] 
provided evidence of polymorphonuclear neutrophil (PMN) trapping and MMP-9 
storing within the aneurysmal thrombus. They also demonstrated the presence of 
plasminogen in the thrombus and its activator (u-PA) in the aneurysmal wall. 
This might result in local generation of plasmin, an activator of MMPs, in the 
aneurysmal wall. 
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6 Oxidative Stress and Aneurysm Development 

Abdominal aortic aneurysm may have a specific cause, but in most cases no 
specific cause can be identified. As mentioned previously, AAA results from a 
chronic inflammatory disease characterized by extensive extracellular matrix 
degradation and vascular smooth muscle cell (VSCM) senescence or apoptosis, 
leading to weakening and dilatation of the aortic wall [142]. Aside from increased 
local production of cytokines, increased matrix metalloproteinases activity is a key 
element in the development or progression of AAA [4]. In this process, a causative 
or a contributive role for oxidative stress has been suggested [118]. 



6.1 Definition of Oxidative Stress 

Reactive oxygen species (superoxide anion (OJ ), hydrogen peroxide (H2O2), 
hydroxyl radical (OH)) are continuously produced in the organism. This pro- 
duction depends on several sources such as membrane NADPH oxidase and 
myeloperoxidase in phagocytic cells (leukocytes and macrophages), mitochondria, 
prostaglandin synthesis by the cyclo-oxygenase pathway, hemic protein, and 
xanthine oxidase. Copper (Cu) and iron (Fe) catalyse radical chain reactions 
leading for example the production of hydroxyl radical from superoxide anion and 
hydrogen peroxide [79]. 

Normally, Reactive Oxygen Species (ROS) are produced at a very low level 
and intervene in normal physiology, controlling for example apoptosis, fertiliza- 
tion and other important processes. ROS are released by phagocytic cells to 
destroy bacteria. The cellular redox state is precisely balanced to preserve cell 
homeostasis. Thus, ROS are counteracted by an array of cellular and extracellular 
antioxidants, some of them being enzymatic (Cu- Zn- and Mn- superoxide dis- 
mutases, catalase, glutathione peroxydase and associated glutathione transferase 
and reductase,...) and others non-enzymatic (vitamins E and C, carotene, uric 
acid,...) [142]. Consequently, the balance between production and neutralization 
of ROS not only depends on the activity of ROS -generating systems, but also on 
levels of endogenous antioxidant systems. So oxidative stress and tissue damage 
may occur secondary to increased production and/or decreased neutralization of 
ROS. In these circumstances, ROS interact with cellular and extracellular 
molecular targets, causing damage to essential and structural proteins (oxidation 
and nitrosylation), to lipid and to DNA. Inflammation is one example of increased 
ROS production overwhelming local or systemic antioxidant defences, resulting in 
tissue damage. 

The deleterious role exerted by Reactive Nitrogen Species (RNS) must also be 
mentioned [188]. Whereas constitutive endothelial NO synthase releases physio- 
logical amounts of nitric oxide (NO) contributing to normal vascular tone because 
of its relaxing properties on VSMCS, inducible NO synthase expressed in 
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inflammatory cells and in VSMCs releases large amounts of NO. Reaction of NO 
with the superoxide anion gives rise to highly toxic peroxynitrites. 



6.2 Role of Oxidative Stress in AAA 

Oxidative stress plays an important role in the pathogenesis of numerous diseases 
and in several cardiovascular diseases, including atherosclerosis, hypertensive 
vascular disease, and coronary artery disease [181]. As an example, oxidative 
stress promotes lipoprotein oxidation, a key element in the development of 
atherosclerosis [104]. 

It is clear that inflammation is also a key element in the pathogenesis of AAA. 
During the development of AAA, infiltrating inflammatory cells release matrix 
metalloproteinases (MMPs), causing, as mentioned previously, the proteolytic 
degradation of structural proteins (such as elastin, collagen and laminin). MMPs 
which comprise a large family of several isoforms are secreted by various cell 
types and especially by inflammatory cell infiltrating the vascular wall and by 
resident VSCMs. MMPs are involved in many cellular processes, including 
migration, extracellular matrix deposition, and apoptosis, and are clearly impli- 
cated in AAA formation [64]. Aside from release of MMPs, inflammation con- 
tributes to the tissue damage and to the development of AAA by production of 
cytokines (interleukin-6, MCP-1, osteopontin) and activation of the cyclo- 
oxygenase-2 leading to further recruitment of immune cells and induction of 
apoptotic cell death pathways in VSMcs, such as Fas and perforin. 

The link between oxidative stress and matrix degradation is well documented. 
ROS produced by inflammatory leukocytes contribute to tissue destruction 
observed in a variety of immunologic and infectious disorders. Higher superoxide 
anion (O2 ) levels were demonstrated in the AAA segments of aneurysms 
undergoing surgical repair compared to the adjacent non-dilated aorta (although 
also atherosclerotic). Lipid peroxides and nitrosylated proteins were also increased 
and the major changes were closely localized to inflammatory cells and to SMCs. 
Thus a greater oxidative stress is observed in AAA compared to atherosclerotic but 
non-aneurysmal aorta [104]. 

ROS and RNS have been shown to regulate transcription of MMPs and to 
modulate their activity. Oi" and H2O2 activate secretion of MMPs by VSCMs [1 10]. 
In vitro, H2O2 promote secretion of MMP-9 by polymorphonuclear cells, and this 
process is completely prevented by the addition of catalase, an antioxidant enzyme 
transforming H2O2 to oxygen and water. ROS are required for the induction of 
apoptosis by various proinflammatory mediators, including cytokines. Thus 
ROS induce the apoptosis of VSMCs, which is a recently described feature of 
human AAA. 

Several potential sources for ROS production have been identified in the vas- 
cular wall. In addition to inflammatory cells, OJ is produced by 3 major cell types 
present in the vascular wall: SMCs, fibroblasts and endothelial cells. Mechanical 
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Stretch increases ROS production by NADPH oxidase in SMCs, which in turn 
activate NF-KB and increase matrix metalloproteinases. Infiltrating inflammatory 
cells produce ROS and generate proatherogenic factors that prime SMCs for ROS 
release which in turn recruit inflammatory cells. A positive feedback and vicious 
cycle are thus instituted (Fig. 2). 

The major sources of ROS production are the NAD(P)H oxidase and the Ras- 
related C3 botulinum toxin substrate 1 (Racl) [43, 154]. The phagocytic form of 
the enzyme uses predominantly NADPH whereas the vascular form uses NADPH 
or NADH as substrates. Expression of NADPH oxidase in SMCs is increased by 
several factors, including mechanical stress, cytokines, growth factors (angio- 
tensin II and platelet derived growth factor), and oxidized LDL. Evidence for a 
role of NAD(P)H oxidase came also from experiments performed in apolipo- 
protein E-deficient mice where prolonged infusion of angiotensin II resulted in 
AAA formation, independently of the blood pressure [104]. Angiotensin II exerts 
various cardiovascular effects through activation of macrophages, induction of 
cytokines, and stimulation of expression and activation of NAD(P)H oxidase in 
SMCs, resulting in increased ROS production [181]. In this model, angiotensin II 
receptor blockers prevented upregulation of the p22'' "" NAD(P)H oxidase sub- 
unit and in knock-out mice for the p47'' "" subunit the development of AAA was 
prevented. Expression of subunits of NAD(P)H oxidase (p47P''°'' and p22P''°'') and 
NAD(P)H activity are increased in AAA and also in aneurysmal thoracic aorta 
especially in the regions where monocytes and angiotensin converting enzyme - 
positive macrophages accumulated [104, 154]. This localization closely corre- 
sponds with activity of matrix metalloproteinases. Taken collectively, these data 



Fig. 2 The NADPH present 
in inflammatory cells and in 
vascular cells is activated by 
several mechanism. ROS are 
release leading to several 
consequences and ultimately 
to tissue destructive 
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illustrate the major role played by NAD(P)H oxidase in AAA and demonstrate 
the complex interactions between inflammation, oxidative stress and mechanical 
forces. 

Changes in expression of genes implicated in oxidative stress may also be 
involved in AAA pathogenesis [184]. By means of cDNA microarray technique in 
an experimental model of elastase-induced AAA in mice, an upregulation of genes 
coding for enzymes (inducible NO synthase, e.g.) involved in oxidative stress and 
of genes coding for MMPS was demonstrated. In contrast, downregulation of 
genes coding for antioxidant enzymes (such as superoxide dismutase and gluta- 
thione-S-transferase) was observed. This distinct expression profile of antioxidant 
and pro-oxidant genes could result in an imbalance between ROS production and 
free radical scavengers, with an impaired redox state accelerating AAA formation. 
In the same studies, genes encoding for VSMCs contractile proteins and for 
extracellular matrix protein were downregulated, reflecting apoptosis of VSMCs, 
with progressive weakening of the vascular wall. 

In humans, levels of vitamin C, and activities of Zn superoxide dismutase 
(SOD), glutathione peroxidase, and glutathione reductase were reduced in tissue 
samples from patients with AAA and atherosclerotic occlusive disease compared 
with non-diseased aorta from a different group of patients [42]. Similarly, plasma 
levels of vitamin E are reduced in patients with AAA compared to patients with 
coronary artery disease in the absence of AAA [139, 140]. It is worth noting that 
ascending aortic aneurysms of bicuspid aortic valve patients displayed a signifi- 
cantly lower expression of the metallothioneins family genes as compared to 
tricuspid valve aneurismal aorta [124]. 

Aside from ROS, RNS are increased in AAA tissue. Expression of the 
inducible NO synthase by macrophages and cytokines could generate large 
quantities of NO, which might also contribute to tissue damage. NO synthase is 
also a potential source of Oi". Inducible iNOS play a significant role in cardio- 
vascular homeostasis, atherosclerosis, and inflammatory responses. NO mediates 
tissue damage by an amplification of the effects of proinflammatory cytokines on 
various cell types, which in turn may increase the expression and enzymatic 
activity of MMPs. In addition NO promotes nitration of proteins and can induce 
VSMC apoptosis. 

The above data help to explain the deleterious role of smoking and the potential 
protective effects of statins in vascular disease [104]. By inhibiting the synthesis of 
cholesterol, statins also inhibit the synthesis of isoprenoid intermediates implicated 
in the post-translational modifications of intracellular signaling proteins (Ras and 
Rho proteins including Racl) crucial in a variety of cellular events [168]. These 
pleiotropic effects of statins partially explain their positive influence on the 
endothelial dysfunction that is an early manifestation of atherosclerosis. In con- 
trary, smoking leads to endothelial dysfunction, with a subsequent inflammatory 
process and plaque formation. Smoking also influences hemodynamic stress and 
oxidant injury and several large studies identified tobacco smoking as major 
contributive factor to an increased risk AAA development. 
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7 Haemodynamic Factors Involved in the Formation 
of Abdominal Aortic Aneurysm 

In addition to atherosclerotic factors which have been discussed above, certain 
haemodynamic factors must be considered as acting in a synergistic fashion with 
atherosclerotic degeneration in the development of AAAs. 

Once the process of aneurysmal dilatation has begun, the true haemodynamic 
process will start: Laplace's Law, which states that the intraparietal tension 
increases as a function of the growth of the radius is the substrate for a positive 
feedback process which leads inevitably to progressing dilatation. In terms of 
haemodynamics, the importance of the work of Vollmar [173] must be underlined 
here. In a particular population made of survivors of the Russian front who had 
undergone, in their youth, amputation of a limb, it was possible to see an inverse 
relationship between the convexity of AAA and the side of the limb amputated 
[173] The haemodynamic aspect of AAA will be discussed in the following 
chapters. 



8 Risk of Rupture 

The size of the aneurysm is a universally recognised factor to forecast rupture, and 
the risk of rupture increases as the diameter of the aneurysm enlarges [58, 111]. 
The overall mortality rate for patients with ruptured AAA is between 65 and 85% 
[76, 155], and about half of deaths attributed to rupture occur before the patient 
reaches the surgical room [144, 180]. 

Similar to AAA, the risk of rupture and dissection of TAAs increases as the 
diameter of the aneurysm increases [44]. Not only the size but also the rate of 
growth of TAA has been consistently shown to be critical in predicting rupture 
[20, 59, 97]. Moreover, rapid rate of expansion was found to be an independent 
risk factor for TAA rupture [20]. The incidence of ruptured TAAs is reported 
between three and five per 100,000 persons and is similar to the incidence of aortic 
dissection [26, 71]. 

The general consensus is that patients with a large aneurysm should undergo 
surgery. Therefore few data exist on rupture risk of large AAA in healthy patients 
with aneurysm diameter greater than 5.5 cm. However the rupture rate for patients 
with large aneurysm for whom elective repair was not planned because of medical 
contraindications or patient refusal was assessed by Lederle in a cohort prospective 
study [89]. The 1-year incidence of probable rupture by initial AAA diameter was 
9.4% for AAA of 5.5-5.9 cm and more than 25% at 6 months for AAA 8.0 cm or 
greater. The real controversy surrounds the management of small aneurysms. The 
rupture rate for AAAs of 4.0-5.5 cm in diameter is 0.7-1.0% per year [86], UK 
[166, 7], higher than that of AAAs less than 4.0 cm. The rupture rate for small AAA 
is higher in women than in men [17]. Men and women have equivalent rupture rates 
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for AAAs greater than 5.5 cm [126]. A study was undertaken in which patients with 
small aneurysms (diameter between 40 and 5-5 cm) were randomly assigned to 
two groups that underwent either early elective surgery or delayed repair after the 
diameter of the aneurysm had reached or exceeded 5-5 cm [166]. The results show 
closely similar survival curves for the two groups of patients. A US Veterans 
Administration study led to similar findings despite a lower operative mortality 
with early than with delayed repair (2-7 vs. 5-8%). The conclusions of these two 
studies were similar: rigorous surveillance of infrarenal aortic aneurysms smaller 
than 5-5 cm in diameter is safe, whereas early surgery is not associated with 
improved long-term survival. 

Rapid expansion of the aortic diameters preceding fissuration and rupture has 
been observed in abdominal aortic aneurysms independently of their initial size 
[58, 93] which suggests that the size of the aneurysm, whatever its practical 
significance, is probably not the sole useful determinant for risk of rupture. Active 
investigations have been and still are being done to identify markers other than 
size that would predict a risk of rupture. A possible candidate is the level of serum 
MMP-9, which has been directly implicated in the proteolytic degradation of the 
extracellular matrix of the aortic wall [139, 140]. The amount of circulating MMP-9 
has not only been reported to be significantly higher in patients with abdominal 
aortic aneurysm [106], but the presence of its activated form has also been sig- 
nificantly associated with the size and expansion rate of these aneurysms [94, 95]. 
However, heterogeneity of the activity of MMPs and the degree of infiltration 
inside the ruptured aortic wall have been demonstrated by Defawe et al. [34], as 
well as increased cell infiltration and metalloproteinases expression at the site of 
rupture. 

Another factor that has been investigated as a potential serum marker is the 
reduced level of a 1 -antitrypsin (al-AT) since it is one of the most abundant serum 
inhibitors of proteases. However, the importance of this marker for the prognosis 
of abdominal aortic aneurysms has not been defined because of contradictory 
findings [47]. Family history represents a risk factor for aneurysm rupture. A study 
of 313 pedigrees showed a four- fold higher rate of rupture in familial cases than in 
sporadic cases [171]. Additionally, a significantly earlier age at rupture (65 years 
vs. 75 years) was also reported in these familial cases. Another potential risk factor 
for rupture could be related to the sex of the patient. A report from the UK Small 
Aneurysm Trial has shown that the risk of rupture for small AAA in women was 
four-times higher than in men [167]. 

In a preliminary study, we observed an association between 18-FDG uptake by 
the aneurysm wall in some cases and rapid expansion of the AAA [141]. This 
18-FDG uptake in the aneurysm wall probably reflects the presence of a large 
density of inflammatory cells (macrophages, lymphocytes) in the adventitia as 
previously described. These inflammatory cells could correspond to the increased 
metabolic activity seen on PET imaging [35] (Fig. 3). These preliminary obser- 
vations were recently confirmed by a study performed by Reeps et al. in [132]. 
In their study, they observed a correlation between the increased FDG uptake and 
the patients with a very high macrophage activity with symptomatic AAA. 
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Fig. 3 a In this patient, a CT-scan demonstrating the presence of the large AAA (A). (Al) Aortic 
lumen, (A2) Parietal thrombus, (A3) Aortic wall, b A transaxial image shows a thin area of F- 
FDG uptake (B3) corresponding to aneurysmal wall. Inside, a rim without significant uptake 
corresponds to parietal thrombus (B2) while the luminal area (B 1) shows mild uptake of F-FDG 
possibly associated with activated macrophages primed for several days by circulating mediators 
released at the time of the surgery (38). c Microscopic features of sample collected in an 
abdominal aortic aneurysm wall. Hematoxylin-eosin (200 x) staining shows a gradient of 
inflammation from the adventitia to the parietal thrombus with some focally clusters of 
inflammatory cells 



However, in accordance with Sakalihasan and Truijers's reports they did not find 
any correlation between maximum standard uptake value (SUV) and maximum 
cross-sectional infrarenal AAA diameter [141, 165]. Very recently [183], observed 
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a positive association between high wall stress and increased metabolic activities 
in aneurysmal wall evaluated by PET-CT [132, 165]. 

Therefore these studies suggest a possible correlation between FDG uptake by 
the aneurysm wall and the triggering of proteolytic activities leading to rupture. 
The uptake of 18F-FDG is regarded as a functional image of the inflammatory 
infiltrate and thus as a potential non-invasive technique to identify unstable 
aneurysms that are prone to rupture. 



9 Conclusion 

We have summarized above the current knowledge on aortic aneurysms epide- 
miology, aetiology and pathophysiology. The aetiology of TAAs and AAAs is 
multifactoriel with genetic, environmental and physiologic determinants and the 
disease is characterized by regional heterogeneity between the thoracic and the 
abdominal aorta and even within the thoracic region in terms of biomechanical 
properties, atherosclerotic distribution, proteolytic pattern and cell signalling 
pathways. 

Tobacco use, male sex, hypertension, chronic obstructive pulmonary disease 
and coronary artery disease seem to be the main risk factors for the development of 
the aneurysmal disease for both aortic regions. 

A familial clustering of the disorder is currently well recognized supporting a 
genetic predisposition to the disease. The genetics of TAAs and dissections 
appears to be more often monogenic while many genetic risk factors are involved 
for the abdominal level, each with a small effect size. 

Physiopathology of the aneurysmal disease is characterized by thinning of the 
aortic media resulting from proteolytic injury to the extracellular matrix and 
smooth muscle cell disappearance, allowing further proteolytic injury leading to 
dilation and rupture. Aneurysms of the aortic root and ascending aorta are most 
commonly related to cystic medial degeneration. Physiopathology of the aneu- 
rysms of the thoracic descending aorta and the abdominal aorta seems to be 
different and inflammation and oxidative stress play a key role in the development 
and the progression of the disease at this level. 

The size of the aneurysm is a recognised factor to forecast rupture. The rate of 
growth of the aneurysm has also been shown to be critical in predicting rupture 
supporting the fact that the size is not the sole useful determinant for risk of 
rupture. Active investigations are being done to identify markers other than size 
that would predict a risk of rupture. 
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Imaging of Aneurysms 

Peter Hoskins, Scott Semple, Phil White and Jennifer Richards 



Abstract There are several methods for imaging aneurysms. These can be divided 
into techniques which principally provide information on structure (X-ray pro- 
jection imaging including angiography, CT, MRI, ultrasound) and those which 
provide information on biological function. The principal example of the latter is 
positron emission tomography (PET), though it suffers from low spatial resolution. 
The development of targeted contrast agents for use with MRI and ultrasound 
leads to the possibility of providing high-resolution information on biological 
function. There is no one imaging technique which is perfect, and in clinical 
practice different techniques are used to address different questions. Simple 
measurement of the diameter made using 2D real-time ultrasound is sufficient for 
the purposes of selection of patients for repair of abdominal aortic aneurysm 
(AAA). CT, MRI and X-ray angiography are used when more detailed evaluation 
of anatomy is required for the purposes of planning of interventional procedures in 
AAA and cerebral aneurysms. Information on blood velocity and related quantities 
such as flow rate can be obtained using MRI and ultrasound. The wall distension 
occurring during the cardiac cycle may be measured using ultrasound, MRI and 
multi-slice CT. Wall distension measurements may then be used to estimate the 
stiffness of AAA. For use with image guided modelling, data on the geometry and 
inlet velocity can be obtained from imaging. Typically 3D imaging data may be 
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obtained in AAA using CT or MRI, and in cerebral aneurysms using CT, MRI or 
spiral angiography. Data on inlet velocities may be obtained using Doppler 
ultrasound or MRI. Imaging techniques are pivotal to the diagnosis, evaluation 
treatment and post procedure care of patients with aneurysms, and an essential 
component of methods in development such as image guided modelling. In this 
chapter imaging techniques will be considered briefly with respect to current 
clinical use, but mainly with respect to the theme of this book, the mechanobiology 
and biomechanics of abdominal aneurysms. A glossary of abbreviations used in 
this chapter is provided in an appendix. 



1 Principles of Medical Imaging 

Imaging techniques provide 2D or 3D information on the position of tissues and 
organs within the body. This section will briefly describe the basic principles of 
operation of the major imaging systems. Further details may be found in spec- 
ialised texts on medical imaging [3, 14]. There are 2 main types of imaging 
system. 

• Structural imaging techniques provide information on the geometry of tissues 
and organs, and in some cases on the change in geometry with time. In other 
words, these systems mainly provide information on tissue morphology and 
tissue motion such as blood velocity and changes in aneurysm size with time. 
The main structural imaging techniques are X-ray imaging including CT, MRI 
and ultrasound imaging. 

• Molecular imaging techniques provide information related to the biological 
function of tissues and organs. These involve delivery into the patient of tracers, 
whose uptake is dependent on biological function, which are detectable by the 
imaging system. The dominant example of molecular imaging technique is 
positron emission tomography or PET. This provides images of lower spatial 
resolution (compared with structural imaging). For MRI and ultrasound there 
has been considerable work performed on the development of targeted-contrast 
agents in order to provide biological information at high resolution. 



1.1 X-ray Imaging 

This is the oldest clinical imaging technique. Within 2 years of the discovery of X- 
rays by Rontgen, X-ray imaging was widely used for diagnosis in hospitals. The 
basic technique involves production of X-rays from a tube, passage of the rays in 
straight lines through the body, and detection of the X-rays. The X-ray intensity at 
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the detector is dependent on the attenuation by the different tissues along the path 
of the X-ray. This is most marked in skeletal imaging, where the bones which have 
high attenuation, are clearly differentiated from the soft tissue which has low 
attenuation. There are several types of modern X-ray system: 

• Projection radiography. A static X-ray tube irradiates the patient producing a 
2D projection image, such as a chest X-ray. Modern radiographic systems use 
flat plate technology to detect the X-rays so that the image is stored digitally. 

• Fluoroscopy. Low intensity X-rays are produced continuously and detected by 
an image intensifier or flat plate solid state detector producing an image with 
higher noise than projection radiography, but allowing real-time use. Fluoro- 
scopic imaging is usually used in conjunction with contrast agents such as 
barium for highlighting the gastrointestinal system, or iodine for highlighting 
the vascular system (called 'angiography'). 

• Computed tomography (CT). This consists of collection of data from different 
angles around the body, by rotation of the tube and the detector. The 1000 or so 
projection datasets are combined within the computer using a method called 
filtered back projection to produce a 2D cross sectional image in which the 
displayed image is related to the tissue attenuation coeflicient. Collection of 
many 2D slices enables production of a 3D image. 

• Rotational angiography. Rotational angiography is a variant of the CT imaging 
technique where the fluoroscopic system is rotated through 180°. The projection 
images can be displayed as a video to produce 3D perception, or CT recon- 
struction techniques can be used to produce a 3D image of the vascular system. 
Modern angiographic systems use flat panel solid state detectors rather than the 
image intensifier based systems (with or without charged couple device detec- 
tors) used pre 2005. 

Projection radiography is dominated by low image contrast making it difficult 
to distinguish soft tissue lesions without the aid of contrast materials such as air, 
barium or iodine. With the advent of CT in the 1970s the improved image contrast 
revolutionised the detection of soft tissue lesions. Though the modern radiology 
department has other imaging techniques available, the vast majority of patient 
studies are performed using X-ray imaging, a fact which is often neglected when 
discussions take place on the 'best' imaging technique. 



1.2 Ultrasound Imaging 

High frequency sound waves (typically 2-18 MHz) are transmitted into the tissue 
along a beam. These are scattered by the tissue in all directions. A portion of the 
ultrasound is scattered or reflected by the tissues and returns back to the trans- 
ducer. The depth (d), from which the echoes arose, is calculated from the time 
(f) between transmission of the ultrasound pulse and reception of the echo, and the 
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assumed speed of sound (c) in tissue of 1540 m s~\ using the formula d — c.t/2. 
This is called the 'pulse-echo' technique. Scanning of the beam through the tissues 
is used to build up a 2D image, and this can be performed sufficiently quickly to 
allow real-time imaging. The ultrasound beam is attenuated by passage through the 
tissue, requiring a depth-dependent gain to be used on acquisition. The image 
brightness is related to the echo amplitude. The range of echo amplitudes produced 
is extremely large with high amplitudes produced from the boundaries between 
organs and within organs, and lower level echoes produced by scattering from 
within the tissue parenchyma. Echo compression is used in order to enable display 
of the high and low level echoes at the same time. 

Clinical ultrasound is based on real-time 2D scanning. Three-D ultrasound 
images may be obtained by sequential collection of 2D ultrasound images by 
movement of the transducer by the operator [26, 68]. In recent years 2D array 
transducers have become available, mainly for cardiac imaging, whereby the beam 
is steered within the 3D volume while the transducer is held against the skin [49]. 

The detection of motion using ultrasound may be performed using the Doppler 
effect. This has been applied to the detection of motion of fluids, principally blood 
flow, and the motion of tissues, principally that of the heart [23]. Typical display 
formats include the time-velocity waveform from an individual location, and a 2D 
real time colour display of the moving blood or tissues in which the colour is 
related to the local velocity. 

Ultrasound is an inexpensive widely available technique whose strength lies 
with its non-invasive real-time nature accepted by the majority of patients. Though 
the resolution is comparable with other techniques such as MRI and CT, the image 
quality is not isotropic and there is an inherent noise ('speckle') which can make 
the image more difficult to interpret than for other techniques. Diagnostic ultra- 
sound does have the potential to cause tissue damage via tissue heating and 
cavitation, and there are guidelines on the use of ultrasound to minimise the risk to 
the patient from these effects [12]. 



1.3 MRI 

Magnetic Resonance Imaging (MRI) is a three-dimensional high resolution tech- 
nique which gives excellent contrast between soft tissue types. Unlike X-ray, CT 
or PET, MRI does not involve ionising radiation, and so is particularly useful 
where ionising radiation dose reduction is desired, such as in longitudinal moni- 
toring of AAA progression. 

A powerful magnetic field is used to align the nuclear magnetisation of 
protons in hydrogen atoms in water. Common clinical magnetic field strengths 
are 1.5 tesla and 3 tesla although some lower or higher field strength clinical 
systems are available. A radiofrequency field is periodically applied to perturb 
the protons' spins from their alignment, producing a rotating magnetic field. 
When the radiofrequency field is switched off, the protons 'relax' back to their 
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equilibrium position aligned with the main magnetic field. In doing so, they 
give off energy at a specific rotational frequency (dependent on the magnetic 
field strength). Through application of additional field gradients in three 
orthogonal directions, this rotational frequency is systematically varied across 
the direction of each gradient to encode the rotational frequencies of the pro- 
tons with spatial information in three dimensions. Thus, a three dimensional 
image may be acquired in any plane through selective application of these 
factors. 

The rate of proton relaxation back to equilibrium is governed by various factors, 
such as the chemical environment and binding of the local water molecules, 
density of water molecules etc., thus giving different signal strengths for different 
tissues. By altering the application of field gradients, radiofrequency fields and 
acquisition timings, image contrast can be manipulated to optimise contrast 
between different tissue types, or between normal and pathological tissues. Image 
contrast may be further altered with the application of MRI contrast agents, 
commonly paramagnetic or superparamagnetic agents which alter the magnetic 
properties of blood and tissue according to their distribution characteristics 
(largely defined by the contrast particle size). 

MRI is unsuitable for some patients as a result of patient claustrophobia, or 
contraindications to MRI scanning, such as presence of pacemakers, or ferrous 
implants (pacemakers, aneurysm clips etc.). 

MRI is a versatile imaging technique which may be acquired either with focus 
on high resolution anatomical detail, or in a dynamic fashion to determine func- 
tional information in normal and abnormal tissues. 



1.4 Comparison of Structural Imaging Techniques 

There is no single perfect imaging technique, and in practice each has its own 
limitations and strengths. X-ray projection images provide high resolution 2D data. 
MRI and CT provide high quality 3D data, and are useful in image guided 
modelling where detailed 3D geometry is needed. CT images are low-noise, rel- 
atively free from artefact, and an abdominal study can be obtained in 10-20 s, that 
is within a single breath-hold. However there is an associated radiation dose with 
CT which in general mitigates against its repeated use due to the risk of radiation 
induced tissue damage, especially increased risk of cancer. MRI acquisition may 
require repeated breath holds which makes the technique more challenging for the 
patient, with typical overall scan times of 20^0 min. Movement during acquisi- 
tion, such as induced by cardiac/arterial pulsation, respiratory motion or motion of 
the GI tract, may substantially degrade the MR image. Ultrasound imaging is a 
real-time technique which allows for rapid measurement of, for example, diameter 
for use in stratifying risk of aneurysm rupture. Table 1 provides a comparison of 
the techniques for imaging the abdomen. 
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Table 1 Summary of the features of the main cUnical 


imaging modalities relevant to aneurysms 




X-ray 


MRI 


Ultrasound 


Main physical property 


X-ray attenuation 


Magnetic relaxation 


Acoustic 


relevant to image 


coefficient 


times 


impedance 


Real-time acquisition 


Yes (Fluoroscopy) 


No 


Yes (2D/3D 
modes) 


3D acquisition time 


10-20 s (CT) 


20-30 min 


0.2-0.5 s 


Full 3D cross-section of the 


Yes (CT) 


Yes 


No 


body? 








Spatial resolution (typical) 


1 by 1 mm (x, y) (CT) 


1 by 1 mm (x. 


2 by 2 mm (x, 




1-3 mm (z) 


y)3-l0 mm (z) 


y) 4 mm (z) 


Ionising radiation dose to 


Yes 


No 


No 


patient? 








Patient acceptance 


>99% 


>90% 


>99% 



1.5 Positron Emission Tomography (PET) 

This is based on the injection of radioactive materials, which on decay produce an 
electron (e~) and an anti-particle called a positron (e"^). The positron is unstable 
and travels for a few mm before encountering an electron, which results in 
annihilation of both electron and positron, with the production of 2 high energy 
gamma photons which travel in opposite directions. The gamma photons are 
detected by sensors arranged in a doughnut fashion. Data is collected continuously 
while the subject is passed slowly through the scanner. The isotopes which are 
used in PET, such as 0-15, N-13, C-11 and F-18, have half-lives of 2-100 min. 
Longer half-life isotopes may be manufactured using an off-site cyclotron and 
transported to the PET scanner, however short half-life isotopes require the use of 
an on-site cyclotron. These isotopes are incorporated into physiological molecules, 

1-5 11 1Q IT 

such as water ( O), acetate ( C), FDG ( F) and ammonia ( N). The image 
parameter is the concentration of the isotope in the tissue. Studies of perfusion, 
metabolism and neurotransmitters are possible [74]. 

The image quality in PET is limited by the distance which the positron travels 
before annihilation, consequently it is not possible to obtain PET spatial resolution 
better than about 1 mm, and typically the spatial resolution in the abdomen is 
4-5 mm. In practice a CT scan is usually performed immediately prior or fol- 
lowing the PET scan in order to provide details of anatomy corresponding to 
regions of PET uptake. 



1.6 Contrast Agents for MRI and Ultrasound 



The original intent for contrast agents was to act to enhance the signal from MRI 
or ultrasound, and to improve image contrast, usually within the vascular system, 
hence the term 'contrast agent'. This involves injection of a chelated heavy metal 
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such as gadolinium for MRI [58], and of micro-bubbles for ultrasound [31]. 
A more sophisticated approach which has been developed in recent years is to 
provide the contrast agent with a means of targeting specific biological sites. This 
is achieved by the attachment of molecular probes such as an antibody, peptide or 
polysaccharide [6, 63, 76]. After injection in the vascular system the contrast agent 
will then adhere to the vascular wall where there are receptors for the molecular 
probe. 

Recent developments have been made in the development of more targeted MR 
contrast agents, primarily utilising super-paramagnetic iron oxide particles. These 
are generally classified according to the diameter of the iron oxide particles in 
suspension, either small (SPIO with particles size commonly in the range 
80-150 nm) or ultra-small (USPIO with particle size 10-30 nm). These contrast 
agents were initially developed for liver and spleen imaging where they are taken 
up by Kupfifer cells distinguishing normal from abnormal parenchyma. It has been 
demonstrated in preliminary studies using animal models that these iron oxide 
particles accumulate in atherosclerotic plaques with high macrophage content [79]. 
Recently, preliminary reports have indicated the potential for SPIO and USPIO 
contrast agents to image inflammation, histologically demonstrated to be coinci- 
dent with areas of increased levels of matrix metalloproteinases in aneurysms 
[40, 64, 91]. These biological processes have been linked to aneurysm rupture sites 
[88, 115]. This class of super-paramagnetic contrast agent therefore has the 
potential to be developed as a biomarker to predict further expansion and rupture 
in aortic aneurysms. 



2 Imaging of Abdominal Aortic Aneurysms 

In this section the imaging of abdominal aneurysms will be described, broadly 
separated into imaging-only measurements, and measurements made for the pur- 
pose of image guided modelling. The section mainly refers to abdominal aortic 
aneurysm (AAA) as these constitute the vast bulk of clinical workload. In addition 
thoracic aneurysms, which are much less prevalent, will also be considered. 



2.1 Imaging Techniques in Clinical Use 

Ultrasound and computed tomography (CT) scanning are the most commonly used 
clinical imaging modalities for the assessment of patients with aneurysmal disease 
of the aorta. Magnetic resonance imaging (MRI) does not currently have a role in 
routine clinical practice, although with the rapidly increasing availability of MRI, 
and faster imaging sequences on standard clinical MR systems, MR may well 
become regularly used in the diagnosis of AAA in the near future. The choice of 
modality is dependent on the indication for scanning and the extent of the 
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aneurysm. The first consideration is whether the aneurysm is accessible by 
uhrasound, which in practice means that it must be confined to the infrarenal aorta. 
And secondly whether a diameter measurement is all that is required, or whether 
additional information is needed, for example to exclude rupture or to facilitate 
planning of operative intervention. 



2.1.1 Aneurysm Surveillance 

Surveillance data have shown no advantage for early surgical intervention over 
continued surveillance for aneurysms of less than 55 mm in diameter [67]. Such 
patients are therefore entered into a surveillance programme involving serial 
ultrasound measurement of the maximum antero-posterior (AP) diameter of the 
AAA and clinical examination, typically at six-monthly intervals. Whilst inter- 
operator variability can be problematic in ultrasound scanning, a high degree of 
consistency is achieved when scans are performed by accredited vascular tech- 
nologists [51]. Figure 1 shows a typical image. Ultrasound images offer excellent 
discrimination of the wall, thrombus and lumen, but these details are not of any 
particular clinical or prognostic value. However ultrasound imaging can be 
compromised in patients with a high body mass index, where there is excessive 
bowel gas and where the aneurysm extends into the thorax. Patients with thoracic 
aneurysms are therefore monitored using serial CT scanning. 



2.1.2 Aneurysm Screening 

Aneurysm screening has been shown to reduce aneurysm-related mortality by 54% 
and a national screening programme has been introduced in the United Kingdom 
and in other countries [7, 92]. In the UK an ultrasound scan is offered to men at the 



Fig. 1 Ultrasound image of 
a cross section of an AAA. 
The vessel lumen is seen as 
a dark central region with a 
crescent shaped area of 
thrombus. There is a coarse 
noise across the image which 
is speckle, a natural feature of 
all ultrasound images (This 
image provided courtesy of 
Siemens Healthcare) 
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age of 65 years, following which patients in whom an aneurysm has been diag- 
nosed continue in a surveillance programme or are referred to a vascular surgeon 
for further management, whilst the remaining patients who have no AAA are 
discharged. 



2.1.3 Diagnosis of Rupture 

AAA are usually diagnosed incidentally following a clinical examination or a scan 
performed for another reason. It is common for AAA to remain undiagnosed until 
the point of rupture which is therefore associated with considerable mortality. For 
many patients presenting with ruptured AAA, the diagnosis is clearly evident on 
clinical examination and further imaging would only serve to delay transfer to 
theatre for definitive intervention. However, in patients presenting with symptoms 
consistent with a possible rupture, a contrast CT is the investigation of choice to 
secure the diagnosis. Extravasation of contrast into a surrounding haematoma is 
diagnostic of frank rupture, whilst more subtle signs such as discontinuity of mural 
calcification and a high-attenuation crescent sign in the thrombus may explain 
pain, suggest a contained leak or impending rupture. 



2.1.4 Assessment of Patients for Surgery 

Patients with an asymptomatic AAA of more than 55 mm in maximum diameter 
are considered for elective intervention following a thorough assessment of their 
general health. As part of this assessment, a CT scan with contrast is performed to 
help plan the appropriate intervention by characterising fully the extent of the 
aneurysm, assessing the relationship to key aortic branches, identifying anomalous 
anatomy (such as accessory renal vessels) and evaluating the aortic wall for 
adverse factors such as excessive calcification which may make surgery hazardous. 
Figure 2 shows a typical CT image of an AAA. 



Fig. 2 CT image of an AAA. 
This is a surface shaded 
image showing the AAA 
below the level of the renal 
arteries. (This image provided 
courtesy of Siemens 
Healthcare) 
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2.1.5 Endovascular Aneurysm Repair 

Endovascular aneurysm repair (EVAR) is increasingly replacing open surgical 
repair of AAA [48]. EVAR is a minimally invasive technique in which access is 
gained through the femoral arteries to place an expanding stent-graft in the aorta 
under fluoroscopic guidance to exclude the AAA from the circulation. These 
procedures involve considerable use of X-ray in theatre, often involving mobile 
C-arm fluoroscopy but increasingly utilizing interventional angiography suites, 
capable of high frame rate dynamic imaging, rotational angiography and cone 
beam CT imaging. A CT scan identifying the length and shape of the neck of the 
aneurysm is vital since the neck constitutes the proximal landing zone for the stent. 
Additionally the iliac arteries require evaluation since they must be of sufficient 
calibre to transmit the endoprosthesis. Following the procedure patients are fol- 
lowed-up after three months and then annually using CT scanning to detect any 
movement or loss of integrity of the stent. There is concern regarding the cumu- 
lative radiation dose from the procedure itself and the subsequent stent surveil- 
lance protocol [103], and both MRI and ultrasound have been proposed as 
alternative imaging modalities in these settings [19, 43, 75]. 



2.2 Aneurysm Dynamics and Elastic Modulus 

The distension of arteries which accompanies the change in blood pressure 
throughout the cardiac cycle is typically up to 10% of the diameter. The distension 
occurs as a result of the elastic nature of the arterial wall. The measured change in 
diameter from imaging may be used to infer the elastic modulus. The most widely 
measured modulus which has been used in arterial imaging is the pressure-strain 
elastic modulus (Ep) as shown in Eq. 1 [66]. 



Pd 

{d, - dd)/dd 



E, = ,;' ;:,,_ (1) 



where d is diameter, P is pressure, and subscripts s and d are systole and diastole. 
The pressure-strain elastic modulus does not account for wall thickness, and is 
an example of an index of 'structural stiffness'. Hayashi [37] categorised elastic 
moduli in arteries as being of 2 kinds. Indices of 'structural stiffness' describe the 
elasticity of the artery as a whole, such as Ep. Indices of material stiffness are a 
more fundamental property of the material of the vessel wall, mainly the Youngs 
elastic modulus E. If the imaging system is able to measure the wall thickness then 
E and Ep are related by Eq. 2. 
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Ultrasound imaging systems have been used to measure the distension from 
diastole to systole of the aorta and in AAA. This is achieved using a variety of 
techniques such as tracking of the RF data or from measured velocity obtained 
from Doppler ultrasound [38]. Extremely small motions can be detected, typically 
less than 10 (,im, making the measurement of arterial distension relatively 
straightforward. A review of published data on the use of ultrasound and other 
techniques in AAA is provided by Van keulen [96]. Figure 3 shows typical dis- 
tension waveforms from an AAA. Distension as a fraction of diameter (strain) 
decreases with age in normal aorta from a value of 8-10% in 20-30 year olds to 
5% in subjects in their seventh decade [50]. In AAA at the maximum diameter 
strain is decreased compared to healthy arteries with values from to 5% [96], and 
distension is in the range 0.5-3 mm (median 1 mm). 




Diastole 



8s 



46.43 mm 




0.0 



0.2 



0.4 
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1.1s 



Fig. 3 a Distension waveforms from an AAA taken using a wall-track ultrasound system. 
b Average distension waveform. The median distension for AAA is about 1 mm, with a variation 
from about 0.5 to 3 mm in different patients 
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When distension and diameter measurements are combined with the blood 
pressure measured at the brachial artery using an arm cuff, Ep may be estimated. In 
normal aorta Ep increases with age, from a value of 0.7 Pa in 20-30 year olds [50] 
to values of 3.7 Pa in subjects in their seventh decade. In AAA Ep has been 
measured by several groups [50, 54, 59, 110], with mean values of 3.1-3.4 Pa 
(range 0.5-9.5 Pa). There was no dependence on maximum AAA diameter found 
in some studies [51, 58], however Wilson [55] found a weak positive correlation. 
The technique has a reproducibility of 18% [111]. Stiffer aneurysms were asso- 
ciated with decreased medical elastin as measured from biopsy [59] and increased 
collagen turnover [ 112], whereas more elastic aneurysms had increased elastolysis 
[112]. There was no difference in Ep between patients who went onto rupture 
compared with those who did not [50], however a later study did show that a 
decrease in Ep in the months immediately prior to rupture was associated with a 
greater risk of rupture. The overall finding from these studies is that it was not 
possible to use this measure of elastic modulus in a patient-specific sense as a 
predictor of rupture [113]. 

Distension and elastic modulus may also be assessed using ultrasound in the 
context of endovascular repair [53, 60, 78, 56]. After repair distension at the 
maximum diameter reduced from 1.0 mm to 0.24-0.3 mm (see [96]. 

These attempts at measuring elastic modulus from the distension waveform 
have the advantage of speed and simplicity which are positive features of a test in 
clinical practice. However they are based on an assumed model of the aneurysm as 
an isolated elastic ring. The method does not account for variations in elastic 
modulus and wall thickness at different locations, or account for asymmetry. Later 
work, described in detail elsewhere in this book, concentrates on the technique of 
image guided modelling which is able to use an assumed physical model which is 
more realistic, accounting for both 3D geometry and the presence of thrombus. 

The earliest attempts which accounted for asymmetry of expansion were made 
using CT by Drangova et al. [21] in isolated specimens of AAA. Measurement of 
the Youngs modulus were made from the internal and external circumferences at 
different pressures, following a procedure developed by Bergel [11]. At physio- 
logic pressures E was 275 times greater in the aneurysm than that of the normal 
wall proximal to it. There appears to be no attempt to use gated CT or MRI to 
measure elastic modulus in vivo using this approach. 



2.3 Dynamic CT and MRI 

Measurement of distension in vivo may also be performed using time-resolved 
MRI or CT. This is performed using techniques originally developed for imaging 
of the movement of the heart throughout the cardiac cycle. The spatial resolution 
of MRI and CT is 0.5-1 mm. Some modern multi-detector CT scanners are now 
capable of cover up to 16 cm in a single rotation with a resolution of approxi- 
mately 0.5 mm [52]. The median AAA distension is 1 mm, so that in most cases 
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the distension will be comparable with the resolution. The measurement of dis- 
tension using MRI and CT is therefore much more challenging than for ultrasound 
which as noted above can easily detect motions of less than 10 ).im. Despite these 
limitations, single-plane 2D data in AAA has been acquired using MRI [25, 94, 95, 
99, 100] and CT [32, 86, 87]. Distension may be measured direct, or via the change 
in circumference. Figure 4 shows the change in cross sectional area with time for a 
patient with an AAA of diameter less than 5 cm. Collection of several 2D gated 
slices allows the 3D change in geometry of the AAA to be studied [98], from 
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Fig. 4 Estimation of the area-time waveform in a patient witfi an AAA from gated CT. a tlie CT 
images are segmented using an active contour method, b an example of the segmented AAA 
contour, c area-time waveform. (Reprinted from [32], with permission from Springer) 
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which the change in volume with time may be measured. If this is combined with 
pressure then AAA compliance may be estimated (Fig. 5). 

These techniques have potential in the pre-operative assessment and post- 
operative follow up of endovascular repair. A systematic review in this area [96] 
demonstrated significant distension of key points such as the AAA neck and the 
thoracic aorta which were maintained after endovascular repair. However the 
paper concluded that the clinical utility of dynamic measurements in endovascular 
repair was yet to be established. 



2.4 Flow Imaging 

It is possible to visualise 2D blood flow motion using commercially available 
colour flow ultrasound in real-time, however clinically there is little call for this in 
diagnosis of aneurysm disease. However it has been used to investigate leaking 
after endoluminal stent graft repair [84, 109]. 

Magnetic resonance angiography (MRA) is increasingly being used in the 
work-up for endovascular repair [8, 41], and for monitoring post-repair [77]. MRA 
commonly involves the use of paramagnetic contrast agents (usually gadolinium 
based) to view the luminal aortic tree [69]. For MRA focussing on AAA a 3D 
angiography sequence is acquired with suitable field of view and slab thickness to 
view the abdominal aortic lumen, commonly within an inspired breath-hold (to 
prevent breath motion artefact on resultant images). Rapid serial imaging of the 
aorta is then undertaken during injection of the MR contrast agent using a thinner 
slab (which allows more rapid data acquisition). When the contrast agent is 
observed in the aortic lumen, the 3D inspired MRA sequence is immediately 
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Fig. 5 Estimation of the volume-time waveform in a patient with an AAA from gated MRI. 
a volume-time waveform, b pressure waveform, c volume-pressure curve from which compliance 
may be estimated from the slope. Reprinted from [98], with permission from Elsevier) 
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repeated. Through subtraction of the pre-contrast MRA from the post-contrast 
MRA, visualisation of the lumen is achieved. The limitations of MRA for AAA 
imaging are a sensitivity to cardiac and respiratory motion, metallic objects or 
tissue/air interfaces, all of which may cause some degree of image artefacts. Areas 
of calcification are also not well shown. As such, MRA acquisitions of AAA 
(either for monitoring or prior to surgical repair) are commonly acquired with 
additional Tl, and T2- weighted MRI acquisitions. 



2.5 Imaging of Inflammation 

Positron emission tomography (PET) offers opportunities to study the biological 
behaviour of AAA, especially inflammation. The first studies which identified 
uptake of the commonly used tracer fluorodeoxyglucose (FDG) in inflammation 
were in atherosclerotic plaque [73, 85]. Increased accumulation of FDG is seen in 
acute thoracic aneurysms [46], symptomatic AAA [72] and in inflammatory 
aneurysms [44] compared with asymptomatic aneurysms. There is a correlation 
between FDG uptake and histological evidence of inflammation and MMP-9 
expression [72]. A review of PET-FDG imaging in vascular disease is provided by 
van der Vaart et al. [93]. 

The relationship between PET-FDG and wall stress was studied by Xu [118], in 
which five patients were studied. It was shown that the site of maximum stress co- 
localised with elevated FDG uptake in each case, suggesting that inflammation 
may have a role in the triggering of aneurysm rupture. 



2.6 Imaging of Geometry for Image Guided Modelling 

Image guided modelling consists of the integration of 3D imaging with compu- 
tational modelling. Integration of 3D geometry with computational fluid dynamics 
(CFD) is used for estimation of the 3D time-varying blood flow-field and related 
quantities such as wall shear rate. Integration of geometry data with solid mod- 
elling is used for estimation of vessel wall distension, strain and stress patterns. 

For the purposes of image guided modelling data is required on the 3D 
geometry of the aneurysm. The 3 structural imaging techniques of CT, MRI and 
3D-ultrasound may, in principle, all be used to provide this data. In practice the 
success rate with 3D ultrasound is low for several reasons; the presence of bowel 
gas, registration artefacts caused by movement of the probe and patient, and lack 
of image contrast at the lateral edge of the vessel wall [36]. 

Most image guided modelling studies have used CT, where there is good image 
contrast between the flowing blood and the thrombus, and between the thrombus/ 
wall and the surrounding tissues [27, 28, 35, 70, 90]. The low noise and good 
image contrast allows the inner and outer surfaces to be easily segmented (Fig. 6) 
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Most Studies imposed a fixed wall thickness (e.g. [20]), on the basis that the 
contrast between the vessel wall and the thrombus was insufficient to allow 
visualisation of the wall. Martufi et al. [61] used an automated segmentation 
method to show that the true wall location could be identified. 

MRI has also been used in image guided modelling to measure the aneurysm 
geometry [13]. The higher field strength of 3T imaging inherently improves signal 
to noise levels and thereby allows either higher resolution images or more rapid 
imaging to be acquired. However common artefacts are enhanced, such as occur 
during movement of the patient, the presence of foreign bodies, or susceptibility- 
related artefacts. This requires greater care in the acquisition of 3T data compared 
with 1.5T data. However the benefits include shorter breath-hold durations, 
acquisition of multiple MRI anatomical slices within single breath-holds and 
improved visualisation of the internal components of the aneurysm. This may be 
very useful in the advancement of image guided modelling of AAA by allowing 
thickness and elastic properties of the aneurysm geometry to be more accurately 
estimated. The higher resolution of 3T imaging also allows better visualisation of 
the aortic wall than 1.5T, particularly in areas of 'normal' no-thickened aortic wall. 



2. 7 Imaging for Input Flow Boundary Conditions for Image 
Guided Modelling 

For computational fluid dynamics, data is required on the flow waveform at the 
inlet to the AAA. Published studies have used 3 methods for this; an assumed flow 



Fig. 6 Segmented inner and 
outer surfaces of an AAA, 
suitable for computational 
modelling. (Reprinted from 
[29]; with permission from 
Edinburgh University 
Library) 
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waveform, a waveform derived from Doppler ultrasound, and a waveform derived 
from MRI. 

Publisiied studies used an aorta waveform obtained in healthy volunteers from a 
paper published in 1970. More recently Fraser et al. [30] constructed an average 
velocity waveform from Doppler ultrasound data collected from patients with 
AAA. In the absence of any velocity data available from imaging, this average 
waveform could be used, recognising that the resultant CFD datasets may have 
some error associated with differences between the typical and the true flow 
waveforms. 

Doppler ultrasound waveforms may be obtained using a conventional colour- 
flow ultrasound system. The operator places the Doppler sample volume centrally 
within the aorta just above the inlet to the AAA, and velocity versus time wave- 
forms are acquired (Fig. 7). The velocity which is obtained is that from the centre 
of the lumen. By using a modification of the Womersley equations [117], which 
allow entry of the diameter and the centre-line velocity, the variation in velocity 
profile as a function of time through the cardiac cycle can be obtained. This time- 
varying 2D velocity profile may then be used as the inflow input in CFD. 

Using MRI there is the opportunity to collect the time-varying 2D velocity 
profile directly. Most studies acquire only a single component of velocity, either 
along the z-axis, or along the vessel axis. With the recognition that flow in the 
aorta is spiral in nature it would be possible to collect 3-component 2D velocity 
profiles. 
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Fig. 7 Doppler ultrasound waveforms acquired proximal to an AAA. (Reprinted from: [29]; 
with permission from Edinburgh University Library) 
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3 Imaging of Cerebral Aneurysms 

In this section the imaging of cerebral aneurysms will be described, broadly 
separated into imaging-only measurements, and measurements made for the pur- 
pose of image guided modelling. 



3.1 Static Imaging 

Traditional visualisation of cerebral aneurysms was performed using single or 
bi-plane angiography, involving direct intra-arterial injection of an iodinated 
contrast agent to highlight the aneurysm. A number of non-invasive techniques 
have been used in recent years for primary diagnosis of the presence of cerebral 
aneurysms; these are CT angiography (CTA), rotational angiography, MRA and 
Doppler ultrasound. 

CTA and MRA techniques enable acquisition of 3D data showing the aneurysm 
structure and location. A systematic review [104] showed that these two tech- 
niques were similar in their diagnostic accuracy, with accuracies of 89% for MRA 
and 90% for CT. Technologies have improved substantially in the last decade 
particularly with regard to speed of acquisition and bone subtraction algorithms for 
CT and widespread use of higher field strengths (3T) in MR. The main MR 
sequences used in clinical practice for MR Angiography are 3D time-of-flight and 
ultrafast gradient echo based (contrast enhanced) MRA with images obtained pre/ 
post contrast for digital subtraction. 

Ultrasound images may be obtained with the transducer placed over a region of 
the skull which is relatively thin and flat, such as the temporal bone, where the 
distortion of the ultrasound beam produced by the skull is minimal. For ultrasound 
the aneurysm is visualised by detecting the Doppler ultrasound signal produced 
from the blood flow within the aneurysm. It was however found that for ultrasound 
accuracy varied from 71 to 82%, dependent on location, and was very poor for 
aneurysms less than 5 mm in diameter [105]. Furthermore up to 20% of patients 
will not have an adequate bone window [102]. 

A method for 3D data acquisition which is especially suitable for planning 
interventional procedures on aneurysms is rotational angiography. Rotational 
angiography can produce a series of individual projection images which can be 
displayed in a volume rendered display creating 3D perception, or alternatively, 
the images can be used in 3D — cone beam reconstruction and then produce a 3D 
Computed Tomography data set (see below). 

Interventional procedures such as placement of coils in an aneurysm, are per- 
formed using fluoroscopy, which allows for real-time imaging typically accom- 
plished using roadmapping technology- both 2D and 3D. Roadmapping is a well 
established technique whereby a digital subtraction unit subtracts out the back- 
ground during screening and then contrast is injected — typically into an artery of 
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vein in region of interest. This creates a "map" of the contrast containing struc- 
tures against the background. On subsequent fluoroscopic screening (until the 
"roadmap" facihty is cancelled) the operator can see a catheter/wire/coil or other 
device against the vessel map (hence the term roadmapping). The angiography 
system is typically referred to as a C-arm, with the X-Ray tube at one end of the 
arm and at the other end of the arm a Caesium Iodide flat panel X-Ray detector. 
These machines can obtain projectional 2D digital subtraction angiographic (DSA) 
images at variable frame speeds (on latest machines up to 30 frames/s is standard) 
Rotation of the C-arm through 180° or more allows collection of data which may 
be reconstructed in the same way as CT data using tomographic techniques [4, 24] . 
Typically the C-arm rotates at a rate of 40° per second over a 5 s period. During 
rotational angiography iodinated contrast agent is injected intra arterially into the 
patient whilst the C arm rotates and the acquisition is timed to occur as the contrast 
agent opacifies the selected intracranial vessel and aneurysm. In practice typically 
both pre and intra contrast rotations are performed to enable a digital subtraction 
3D angiogram to be produced. Comparison against conventional angiography 
demonstrated that rotational angiography detects more small (<3 mm) additional 
aneurysms [97] (Fig. 8). Rotational angiographic CT-like imaging can also be a 
valuable adjunct during interventional procedures to assess stent placement and 
opening, assess ventricular size, exclude new haemorrhage etc. [10, 106]. This 
technique has inherent contrast but is subject to movement artefact (not such a 
problem in interventional neuroradiology procedures, which are often performed 
under general anaesthesia). Whole brain perfusion imaging is also potentially 



Fig. 8 Subtracted 3D 
rotational angiogram (volume 
rendered) demonstrating 
ruptured small right internal 
carotid artery bifurcation 
aneurysm 
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achievable using angiographic CT techniques and development of this tool in 
humans is in progress [82]. 



3.2 Dynamic Imaging 

Early studies demonstrating the pulsation of cerebral aneurysms during the cardiac 
cycle used ultrasound imaging [101]. This was validated using a pulsating aneu- 
rysm phantom [39], and further studies showed that the degree of pulsation 
increased with intracranial pressure [102]. Dynamic CTA, sometimes called 4D 
CTA, is also now possible and has been used to study changes in aneurysm size 
and morphology during the cardiac cycle in an attempt to elicit which aneurysms 
may be inherently more unstable and therefore prone to rupture/rerupture. In 
Dynamic CTA a series of 3D volumes through the cardiac cycle is collected as 
described above [34, 42, 45], validated in a pulsating phantom [119]. Ishida [42] 
noted pulsation in 9 of 28 saccular aneurysms and in 3 of 5 non-saccular aneu- 
rysms. Hayakawa et al. [34] investigated 23 patients with ruptured aneurysms, of 
which 4 showed pulsation whose location corresponded to the site of rupture in all 
4 cases. It was hypothesised in these studies that the pulsation occur where the wall 
is thin, and that this is a site that is at risk of rupture. 

Dynamic imaging has also been used to investigate the passage of contrast 
agent through the vascular system, in order to observe the direction of filling of the 
aneurysm, and to look for abnormal filling through collateral vessels which could 
indicate vascular occlusion or spasm [65]. 



3.3 Imaging Techniques in Clinical Use 

Non invasive imaging techniques have developed in clinical practice over the 
last 10-15 years to the extent that they are now the main initial diagnostic tool 
for intracranial aneurysms. CTA is particularly used in ruptured aneurysms due 
to its availability & speed in sick often restless patients [33, 89]. Either MRA or 
CTA are used in aneurysm screening with MRA often preferred as it avoids 
irradiation [108]. In aneurysms incidentally detected on anatomical brain 
imaging either CTA or MRA may be used next to confirm diagnosis, location 
and more detailed anatomy of the aneurysm to enable treatment planning 
[1, 107]; see Fig. 9. DSA remains the definitive diagnostic tool for intracranial 
aneurysms but it is invasive, expensive (compared to CTA/MRA) and more time 
consuming. The addition of rotational subtraction technique (sometimes called 
3D DSA) further increases its accuracy [97]. However, DSA is key in most 
instances to planning definitive aneurysm treatment either neurosurgical or 
endovascular. Although in some units neurosurgical clipping may be performed 
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Fig. 9 Volume rendered 
CTA reconstruction 
demonstrating ruptured small 
basilar tip aneurysm (white 
arrow) with incidental 
fenestrated basilar artery 
(black arrow) 




on the basis of CTA alone for simple aneurysms [33] this is by no means 
universal practice and in most circumstances DSA will be required prior to 
definitive aneurysm treatment. 

In endovascular treatment diagnostic 2D/3D DSA is essential and is performed 
first to establish working projection(s) for the endovascular treatment (most 
commonly endosaccular coil placement within aneurysm). Then, as outlined 
above, fluoroscopic techniques including subtracted roadmap and sometimes a 3D 
roadmap technique as well as unsubtracted fluoroscopy are used to control the 
placement of devices. Typically a biplane angiographic unit (comprising 2 C arms) 
is utilised in neurointerventional procedures to enable a good visualisation of the 
aneurysm (especially the neck), parent artery and distal run off vasculature 
throughout. During or at the end of a coiling or stenting procedure angiographic 
CT may be obtained to help assist procedure or subsequent patient management 
(Fig. 10). 

In ruptured aneurysm patients a number of complications can occur as a result 
of the rupture causing subarachnoid haemorrhage (SAH) and imaging techniques 
are widely used to detect/monitor these. These include CT for hydrocephalus and 
Transcranial Doppler and CT Perfusion to detect or monitor post SAH vasospasm 
[57, 81, 116]. TCD has the advantage of being a bedside test and can be repeated 
with no radiation burden though it gives a surrogate measure of brain perfusion 
rather than the absolute measurement of cerebral blood flow provided by most 
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Fig. 10 AngioCT MIP 
reconstruction of AngioCT 
obtained during dilute intra- 
arterial contrast injection 
demonstrating stents in situ 
across neck of an anterior 
communicating aneurysm 
with microcatheter placed 
inside aneurysm preparatory 
to coiling 




CTP techniques. If vasospasm is severe and poorly responsive to medical therapy 
then DSA controlled balloon angioplasty of the affected major vessel segments 
may be performed [22]. 

Following endovascular aneurysm treatment DSA/3D DSA is often used in the 
initial early follow up of coiled aneurysms and sometimes for clipped ones too. 
Use of CTA is possible in clipped aneurysms but still impractical in coiled 
aneurysms due to the extensive metal artefact obscuring detail at the critical region 
of the aneurysm neck. More delayed long term imaging follow-up after endo- 
vascular aneurysm treatment is increasingly with MRA techniques though the 
optimal strategy is probably to use both time of flight and fast contrast enhanced 
techniques [2, 47]. There is some evidence that 3T may be more accurate here than 
1-1. 5T [5]— see Fig. 11. 



3.4 Techniques Used for Image Guided Modelling 



Acquisition of 3D geometry for image guided modelling has been performed using 
rotational angiography [16-18, 83], CT angiography [9, 80] or MRI [15, 71]. 
Published studies have mostly involved a standard inlet flow waveform obtained 
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Fig. 11 Time-of-flight MRA base image and MIP reconstructions at 18 months post coiling of 
left posterior communicating artery aneurysm demonstrating neck recurrence {red arrows) 



from healthy volunteers using MRA or transcranial Doppler [9, 16, 18, 80, 83]. 
Image guided modelling based on patient-specific inlet flow obtained from MRI 
has also been reported [15, 71]. 

Modelling of aneurysmal flow is being utilised in the development of new 
therapeutic devices [71] such as stents (to divert flow away from the aneurysm) as 
well as to advance the understanding and prediction of aneurysmal development, 
growth and rupture [62]. Ultimately in the future flow image guided modelling 
may enable aneurysm treatment to be appropriately optimised to the individual 
patient and aneurysm. In practical terms these techniques will be much easier to 
achieve in the elective treatment of unruptured aneurysms than in the emergency 
treatment of ruptured aneurysms. 



4 Conclusions 



Imaging techniques are pivotal to the diagnosis, evaluation treatment and post 
procedure care of patients with aneurysms. At each stage of this patient pathway 
different modalities have key roles to play but in most patients CT/CTA, DSA, 
TCD and MRA will all be utilised at some stage because of their different capa- 
bilities and underlying physical properties. 
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Glossary of Abbreviations 

AAA Abdominal aortic aneurysm 

AP Antero-posterior 

BMUS British Medical Ultrasound Society 

CFD Computational fluid dynamics 

CT Computed tomography 

CTA CT angiography 

CTP CT perfusion 

DSA Digital subtraction angiography 

EVAR Endovascular aneurysm repair 

FDG Fluorodeoxyglucose 

MHz Mega-hertz 

MRA Magnetic resonance angiography 

MRI Magnetic resonance imaging 

PET Positron emission tomography 

SAH Subarachnoid haemorrhage 

SPIO Small paramagnetic iron oxide (particles) 

TCD Transcranial Doppler ultrasound 

USPIO Ultrasmall paramagnetic iron oxide (particles) 
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Biomechanics and Pathobiology of Aortic 
Aneurysms 

Julie A. Phillippi, Salvatore Pasta and David A. Vorp 



Abstract Biomechanical weakening of the aorta leads to aneurysm formation and/ 
or dissection and total biomechanical failure results in rupture, which is often fatal. 
The most common aneurysm is the abdominal aortic aneurysm (AAA) whereas 
thoracic aortic aneurysms (TAA) involve the ascending or descending segments of 
the aorta. Biomechanical strength of the aorta is maintained in part via balance 
between the integrity of the aortic medial and adventitial extracellular matrix and the 
health of the mural cells. From a biomechanical perspective, aneurysms rupture or 
dissect when wall stresses locally exceed the wall strength. Pathobiologic mecha- 
nisms, pre-disposing disorders and variability of patient demographic characteristics 
can weaken the aortic wall while increased blood pressure and dilatation increase the 
stress acting on it, leading to further aneurysm expansion. Thoracic and abdominal 
aortic aneurysms arise from very different pathophysiologies that ultimately result 
in a final common outcome of matrix degeneration and biomechanical failure. 
Therefore, the patient-specific knowledge of both wall stress and wall strength 
distributions for a given aneurysm will greatly improve the ability to identify those 
aortic aneurysms that are at highest risk of rupture. Towards this end, the biome- 
chanics of AAA has been studied extensively by many groups whereas TAA bio- 
mechanics has not been fully considered. This chapter articulates the state-of-the-art 
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of aortic biomechanics, including the modeling of tensile strength and wall stress 
distributions and the biological mechanisms which influence them. The potential 
clinical utility of these biomechanical estimates in predicting AAA rupture is also 
discussed. 



1 Introduction 

Aortic aneurysm is a consequence of biomechanical weakening of the vessel that 
leads to a local enlargement of the aorta over years but can rupture suddenly, often 
without warning. Thus, aortic rupture is a catastrophic failure of the vessel that is 
responsible for high mortality and morbidity. The most common aneurysm is the 
abdominal aortic aneurysm (AAA) whereas thoracic aortic aneurysms (TAA) 
involve the ascending or descending segments of the aorta. Dissection is another 
pathology in which the aortic wall dissects, thereby permitting the blood to enter 
the wall and causing enlargement. Biomechanical strength of the aorta is main- 
tained in part via balance between the integrity of the aortic medial and adventitial 
extracellular matrix (ECM) and the health of the mural cells; namely, the medial 
smooth muscle cells and adventitial fibroblasts. This state of balance is known as 
tissue homeostasis and is essential for proper functioning of the aorta. 

The diagnosis of an aortic aneurysm occurs principally via radiologic imaging of 
the aorta. Current clinical practice dictates that replacement of the aneurysmal aorta 
should be performed when the aneurysm size reaches 5.0-5.5 cm in maximum 
diameter for both TAAs [1] and AAAs [2-4]. However, rupture or dissection can 
occur at diameters <5.0 mm in 0-23% cases (Table 1) [5-9]. This wide discrepancy 
in rupture or dissection occurrence may be due to variability in the pathology of the 
aortic disease, which can be influenced by patient demographics, co-morbidities or 
pre-disposing conditions such as connective tissue disorders. Furthermore, studies 
reporting rates of rupture are limited by lack of information regarding the diagnosis 
criteria and post-mortem studies [7, 10] and are likely unreliable due to diameter 
measurement discrepancies [5]. Clearly, a patient-specific approach would be 
desirable for more reliable rupture or dissection risk predictions to improve clinical 
management, and tailoring a prognosis and treatment course unique to the patient. 

From a biomechanical perspective, aneurysms rupture or dissect when wall 
stresses locally exceeds the wall strength. Pathobiologic mechanisms, pre-dis- 
posing disorders and variability of patient demographic characteristics tend to 
weaken the aneurysm wall [11-13] while increased blood pressure and aneurysmal 
enlargement increase the stress acting on it [14, 15], leading to further aneurysmal 
expansion. This cycle continues as the aneurysm enlarges eventually ruptures or 
dissects, unless repaired or the patient succumbs to other causes. 

The earliest predictions of wall stress used the law of Laplace (Eq. 1) as the 
theoretical basis for using the "maximum diameter" as the criterion for predicting 
AAA rupture potential. This law states that wall tension (T) increases in proportion 
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Table 1 Adapted from Darling et al. [7]; Vorp and Vande Geest [236] 



Size, cm 


N ruptured 


N unruptured 


Total 


% Ruptured 


<5.0 


34 


231 




265 


12.8 


>5.0 


78 


116 




194 


40.0 


No size recorded 


6 


8 




14 


43.0 


Total 


118 


355 




473 


24.9 



to an increase in the intraluminal pressure (P), an increase in diameter D(R) or a 
decrease in wall thickness (t). 

T = (P X D)/2t) (1) 

The law of Laplace has two major fallacies for its application in biomechanics. 
First, the aorta is not a simple cylindrical or spherical shape of uniform radius of 
curvature for which the law of Laplace is valid. Rather, the geometry of the aortic 
wall is complex, containing a greater and lesser curvature, and these vary spatially 
[16, 17]. Therefore, the maximum diameter criterion to predict rupture risk ignores 
the important roles of vessel wall topography and geometry. This notion is sup- 
ported by studies which demonstrated that stress on the wall is dependent on wall 
shape unique to each aneurysm [15, 16, 18]. Secondly, rupture predictions based on 
only the wall stress are not sufficient because a region of the aneurysmal wall that is 
under elevated wall stress may also have higher wall strength, thus equalizing its 
rupture potential. The wall strength will have spatial variance within a given 
aneurysm and also from patient-to-patient [19-21]. The rupture potential is highest 
in the location of peak ratio of wall stress to wall strength. However, risk analysis for 
rupture based upon the maximum diameter criterion is improved when a mea- 
surement of peak wall stress is also considered [22-24]. Ruptured AAAs demon- 
strated higher peak stress compared to diameter-matched electively repaired 
AAAs [12]. Clearly, the ability to noninvasively predict the locally acting wall stress 
and wall strength of an aortic aneurysm on a patient-specific basis will provide a 
more accurate diagnostic tool for evaluating the high risk of failure of an aortic 
aneurysm. Preliminary efforts toward this end have been reported [18, 25-28]. 

Although the in vivo wall strength distribution of an aneurysm can only be 
estimated [29], biomechanical experimental testing has been performed to assess 
ex vivo the biomechanical behavior of the aneurysmal and non-aneurysmal human 
aorta. Several studies have found that aneurysmal tissue is substantially weaker 
and stiffer than normal aorta [11, 12, 26, 29-31]. The aorta displays anisotropic 
biomechanical strength that is spatially dependent in both ascending [32-34] and 
abdominal [20, 31] segments. For both aneurysmal and non-aneurysmal aorta, the 
longitudinal segments were stiffer than segments measured in the circumferential 
orientation (Fig. 1) [32, 33]. Perhaps the most important piece of biomechanical 
data is the finding that tensile strength does not appear to be related to aneurysm 
diameter [33]. Hence, aortic diameter is not the only determinant of either wall 
strength or wall stress [15], and rupture risk prediction criteria that account 
solely for aortic diameters do not offer a complete picture of the true risk for 
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Fig. 1 Tensile strength of 2=0 
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aortic failure. Other criteria have been proposed for rupture prediction models such 
as rate of aneurysm growth [3, 35, 36], stiffness [37] intraluminal thrombus (ILT) 
thickness in AAA [38], wall tension [8] and peak AAA wall stress [22-24]. 
However, all these were empirical approaches and have their limitations and could 
potentially lead to sometimes fatal errors in the decision pertaining to clinical 
management of AAA and TAA. Using a concept of the Rupture Potential Index 
(RPI) proposed and preliminarily applied by Vorp et al. [26-28] demonstrated for 
AAA that this new index may hold promise for a patient-specific diagnostic 
assessment. The RPI, which is the ratio of acting wall stress to the wall strength at 
a particular point on the aneurysm wall, was found to be higher in AAA that 
ruptured compared to those that did not rupture. Currently, there is only one model 
to assess the RPI of AAAs that has been used recently [28, 39]. Indeed, significant 
differentiation of rupture risk by RPI was found for aneurysm diameter ranging 
between 55 and 75 mm of asymptomatic and symptomatic/ruptured AAAs where 
the maximum diameter criterion failed to adequately predict risk [28]. 

Thoracic and abdominal aortic aneurysms are thought to arise from different, 
very distinct pathophysiologies. However, both pathologies culminate to a final 
common pathway of matrix degeneration and biomechanical failure. Aneurysms of 
the thoracic aorta are generally non-inflammatory in nature and are related to 
connective tissue disorders such as Marfan, Ehlers-Danlos or Loeys-Dietz syn- 
drome, the presence of a congenital defect such as the bicuspid aortic valve (BAV) 
or other familial aortic disease. TAAs and dissections can also arise from non- 
genetic pathologies including Takayasu's arteritis [40], giant cell arteritis [41], or 
tuberculous mycotic infection [42] and these conditions involve an inflammatory 
component. Aneurysms arising from these causes are less common than those of a 
genetic basis. 

Matrix metalloproteinases (MMPs) are over-expressed in aortic aneurysms 
[43-46] specifically in TAAs [47-50] MMPs control degradation of elastin and 
collagen [51] and rupture or dissection occurs when the physiologic forces exerted 
on the vessel wall exceed its strength. Although AAAs exhibit marked inflam- 
matory changes and associated atherosclerosis [52-59] there is a lack of evidence 
of an inflammatory component in TAAs [60-62]. This non-inflammatory phe- 
nomena is uniformly consistent with aortopathies of the ascending aorta, of which, 
key effector proteins inciting the phenotype have been identified for the Marfan 
(fibrillin-1) [63], Loeys-Dietz {TGF-fiR) [64], and Ehlers-Danlos-vascular type 



Biomechanics and Pathobiology of Aortic Aneurysms 71 

{Type III collagen) [65] syndromes and familial forms of TAAs, including 
mutations in genes that regulate SMC contractility (a-smooth muscle actin (SMA) 
{ACTA2) and smooth muscle myosin heavy chain (SM-MHQ [66, 67]). The 
presence of a BAV also predisposes the patient to development of TAA and/or 
dissection in addition to aortic stenosis or insufficiency. [44, 45, 68-72]. The 
incidence of BAV overlaps with a-SMA and TGF-flR mutations at a frequency of 
2.5-3% [73] but no gene or pathway responsible for inciting TAAs in BAV 
patients has been identified. 

Common histopathological evidence for many incidences of TAAs include non- 
inflammatory smooth muscle cell loss, fragmentation of the elastin fibers, mucoid 
degeneration, and accumulation of proteoglycans within areas of cell depletion. 
These phenomena are collectively termed "cystic medial degeneration" or CMD 
and are observed within the medial layer of the aortic wall [45, 48, 60-62, 74, 75]. 
Development of AAAs often includes a contribution from inflammatory cells as 
increased MMP production by macrophages and occurrence of ILT which are 
generally absent in TAAs. The differing pathobiologies involved in aneurysm 
formation in the thoracic and abdominal aortas likely results in variations in the 
mechanical stresses and wall weakening associated with each type of aneurysm 
with patient-to-patient nuances. Hence, the clinical recommendation for patient 
management will depend upon understanding, with patient specificity, the role of 
biomechanics in diagnosis, counseling, monitoring and treating patients at risk for 
and presenting with, aortic aneurysm and determining their relative risk for rupture. 

This chapter will detail the relative biological mechanisms that contribute to 
aneurysm formation in both the thoracic aorta and abdominal aorta and their role 
in vessel wall biomechanics, which ultimately leads to aneurysm formation and 
potential rupture of the aorta through weakened strength and increased stress. 



2 Biological IMechanisms that Impact ]VIechanical Properties 
of the Aneurysmal Thoracic Aorta 

2.1 Marfan Syndrome 

Marfan syndrome (MPS) is a hereditary connective tissue disorder that is auto- 
somal dominant and manifests in several organs including those of the cardio- 
vascular, ocular and skeletal systems. Patients with MPS display a definitive body 
habitus, namely a tall stature and wing span that exceeds the height, arachno- 
dactyle, craniofacial defects, pectus excavatum or carinatum. Ectopia lentis may 
occur in up to 80% of patients, usually bilaterally. MPS has widespread clinical 
presentation but the most dangerous and often lethal manifestation of the disorder 
is acute aortic dissection. 

Aortic dissection often occurs after a period of progressive aortic dilation and 
involves weakening of the vessel wall. In MPS, this weakening results at least in 
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part due to degeneration of the minute architecture of the extracellular matrix 
(ECM). In 1991, mutations in the fibrillin- 1 (fbnl) were identified as the cause of 
MPS [63]. Fibrillins are ECM proteins that comprise microfibrils, which are the 
key connectors between elastin and collagen to local cells in the microenviron- 
ment. These microfibrils are essential for not only the microarchitecture of the 
tissue, but also provide substantial biomechanical support. Similar to fibrillins, a 
related protein family, the latent TGF-/?-binding proteins (LTBPs) participate in 
both structure of the matrix and also function as a signaling molecules to direct cell 
behavior. LTBPs directly interact with TGF-j? to sequester the growth factor 
within the tissue microenvironment and thus regulate the bioavailability. When 
bound to LTBPS, TGF-jS isoforms cannot interact with their receptors and 
therefore, signaling activity is attenuated. LTBPs retain TGFs within the matrix, 
keeping them at the ready to be released in their active state and capable of 
receptor binding. Fibrillins are similar in structure to LTBPs. Both are cys- 
teine-rich with multiple epidermal growth factor (EGF)-like domains that bind 
calcium [76]. An 8-cysteine module, which is distinct only to fibrillins and LTBPs 
may be critical for microfibril assembly [77] and also be responsible for interac- 
tions with TGF-^ [78-79]. 

Fibrillins interact with TGF-/?s as the microfibrils of the ECM. These micro- 
fibrils self-assemble and interact with integrins on the cell surface and other matrix 
molecules within the microenvironment. Fibrillins can be viewed as a physical 
tether between local cells and their matrix and contain the known integrin- 
interacting sequence RGD to support cell adhesion [80-82]. The amino acid 
sequence RGD serves as code for cell adhesion to matrix molecules and provides a 
means for direct cell-matrix interactions. Such interactions are essential for 
integrity of the matrix and the biomechanical strength of the tissue. In the case of 
the aorta, the elastic laminae are connected to the endothelial cells on the intimal 
side and the SMCs of the medial layer. Fibrillin-based microfibrils provide this 
connectivity between matrix and cells which contributes to stability of the tissue. 
Mice lacking these connections displayed increased elastin degradation and 
alterations in SMC phenotype in an apparent attempted repair mechanism to 
sustain loss of matrix. These defenses also include an increase in the MMPs that 
are induced as part of the remodeling process, but unfortunately mediate further 
degeneration of the matrix and contribute to weakening of the vessel. When cells 
are no longer physically linked to their matrix, they cannot sense the ongoing 
needs of the matrix for homeostasis. Cell-matrix interactions are a constant 
dynamic dialogue and exchange of information. Loss of cell-matrix connections is 
itself a signal to rebuild because the cell senses a matrix deficit. However, loss of 
cell-ECM connections is also a trigger for apoptosis which is a self-initiated 
program of induced cell death. SMC apoptosis is a characteristic of aortic diseases 
and vessel weakening and in the case of MFS, may stem from improperly formed 
fibrillin-based microfibrils. 

The fibrillin microfibrils elicit their structural contribution to matrix homeo- 
stasis by providing a template for tropoelastin deposition. The microfibril network 
provides elasticity in elastin-based and non-elastin tissues. Normal organization of 
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Fig. 2 Fibrillin microfibrils in (a) lobster aorta and mouse aorta (b, c). Mf=microfibrillar mantle; 
El=elastin; Co=collagen fibrils. Scale bar is 400 |^m. (Reproduced from Fig. 1, Kielty et al. [83]) 



the microfibrils involves self-assembly of the fibrillin in moderately tight bundles 
of fibers that are oriented parallel to each other. The strength of the microfibrils is 
spatially dictated and controlled not only by the cells within the tissue, but also the 
forces upon which the tissue is subjected to. For this reason, microfibrils are often 
found within tissues that need to withstand considerable mechanical stress such 
as bone, and blood vessel, serving as anchors for various connective tissues 
(Fig. 2) [83]. In the MFS patient, mutations in fibrillin result in reductions in 
synthesis and deposition of fibrillin within the ECM and improper assembly of the 
microfibril bundles. These defects in fibrillin expression and organization are 
likely to impact the dual function of fibrillin as a regulator of TGF-/J signaling and 
a biomechanical support for the aorta. 

There are over 600 mutations of the Ftnl gene. The majority of the mutations 
are point mutations, with some being nonsense or missense mutations. Substitu- 
tions of cysteine residues that alter the disulfide bonds within the EGF or 8-Cys 
modules are the most frequent mutations, while other common mutations involve 
the calcium binding region. These alterations affect the organization of the fibrillin 
into microfibril bundles and substantially impact their ability to bind TGF-jS, 
interact with the cell surface and orient properly to guide elastin deposition in the 
matrix. These shortcomings will ultimately contribute to reduced and possible 
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failure of vessel biomechanical strength and result in a lethal rupture of the 
ascending aorta in MFS patients. A mouse model of MPS, the Fbnl knockout 
support the theory that fibrillin-rich microfibrils significantly contribute to the 
overall biomechanical strength of the aorta. Fbnl-/- mice die within one year of 
birth due to aortic dissection and rupture. Although elastin fibers appear normal at 
birth, aneurysm initiates within 2 weeks of birth and continues to enlarge with 
time [84]. There is elastin degradation and disorganization along with considerable 
loss of fibrillin- 1 [85]. SMCs adopt a synthetic phenotype in attempt to repair the 
insufficient ECM. These phenomena progress to elastin breakdown initiating from 
the adventitia and moving inward to the media. Aortic dilatation, aneurysm, dis- 
section and rupture then coalesce. Microfibrils work together with elastin to pro- 
vide biomechanical support to the aorta [86]. Fibrillin deficiency is related to 
increased aortic stiffness and decreased compliance, possibly due to a compen- 
satory role for collagen to endure the bulk of load bearing in the absence of 
adequate fibrillin and elastin. Fibrillin works together with elastin to regulate the 
pressure-diameter relationship of the aortic wall. The biomechanical function of 
fibrillin- 1 microfibrils is dependent upon its proper expression, assembly and 
incorporation. Details of the molecular assembly of fibrillin 1 into complex 
microfibrils are not completely understood. However, recombinant approaches 
have allowed the investigation of various domains on fibrillin molecular assembly 
into the higher-order microfibrils. Inter-molecular cross-linking is known to be 
driven by tissue transglutaminase to form dimers with disulfide bonds and furin 
processing appears to accelerate but is not essential for this event. However, it 
remains to be seen if these biochemical manipulations occur in vivo to maintain 
aortic biomechanics. The vital role of fibrillin- 1 in aortic homeostasis targets this 
protein as a focus of extensive research for eventual therapeutic intervention for 
the care of MFS patients. 

Mutations in fibrillin that impair its TGF-/?-binding role lead to increases in free 
TGF-jS and excessive signaling of this pathway. This led investigators to 
hypothesize that TGF-/? played a role in aortic dilation in MFS patients. TGF-^ 
neutralizing antibodies prevent elastin breakdown in fbn-/- mice but such a therapy 
lacks clinical feasibility. Losartan, an angiotensin (Ang) II inhibitor also antago- 
nizes TGF-^ signaling. As a currently FDA-approved drug, losartan is widely 
successful medication used to treat hypertension. While blood pressure control is 
commonly sought in patients with MFS and aortic aneurysm, a means to attenuate 
or reverse matrix damage in the vessel wall and maintenance of biomechanical 
stability of the aorta to prevent rupture is necessary. Treatment of fbn-/- mice with 
losartan effectively prevented matrix degradation in the ascending aorta and 
mice were phenotypically and histologically indistinguishable from wild-type 
mice [85]. This treatment was also effective in preventing aortic root dilatation in 
children [87]. Losartan may prevent dilation through two mechanisms: (1) 
decrease in the absolute blood pressure or rate of change in blood pressure reduces 
the effect of hemodynamics on the already compromised aortic wall due to fibrillin 
mutations and/or (2) inhibition of TGF-^ signaling through regulation of the Ang 
II type I receptor (ATI). How TGF-/J signaling regulates matrix homeostasis 
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remains unclear but may be due to altered SMC phenotype and synthesis of new 
matrix proteins in effort to remodel a matrix damaged by degradation. Further- 
more, since TGF-/?s are important for growth and development, it will be 
important to include tissue targeting strategies in any therapeutic drug design in 
order to limit the potential deleterious side effects of TGF-jS on normal develop- 
ment and renal function [87, 88]. 

MFS patients present clinically with manifestations of this connective tissue 
disorder in several organ systems. A multitude of mutations in fibrillin have been 
identified that may contribute to the diseases. However, fundamentally, the 
microfibrils of the ECM are composed of fibrillin and when improperly synthe- 
sized, assembled or maintained, alterations in biomechanical stability and growth 
factor signaling through TGF-/J are significantly altered. These mechanisms con- 
tribute to degradation of the ECM through elastolysis and SMC loss and culminate 
in reduced biomechanical strength, progressive weakening of the vessel wall, 
aortic aneurysm, dissection and the highly-fatal rupture. However, to our knowl- 
edge, no ex vivo mechanical testing has been conducted on the ascending aorta of 
the MFS patient population. There have been some reports that used noninvasive 
ultrasonography to demonstrate that MFS patients have increased stiffness of the 
infrarenal aorta and decreased strain, despite normal aortic diameters [89] . Ex vivo 
mechanical testing has been limited to mouse models of MFS. Increased stiffness 
was reported in carotid arteries and aortae of fbnl-/- mice and elastin and fibrillin 
were shown to provide the primary biomechanical strength of the tissue [86, 90]. 
Efforts to further understand the role of these biological mechanisms on the 
individual efforts of each matrix molecule on the overall biomechanical strength of 
the vessel itself should be pursued in depth in order to develop better treatments 
for patients with MFS. 



2.2 Loeys-Dietz Syndrome 

Loeys-Dietz syndrome (LDS) is an autosomal dominant disorder linked to 
mutations in the TGF-// receptors (TGFBRl and TGFBR2) [64]. In addition to a 
pre-disposition for TAA, LDS patients exhibit other manifestations of this con- 
nective tissue disorder such as craniosynostosis, bifid uvula, cleft palate and 
transluscent skin [91]. The histopathologic observations of the aorta in LDS 
patients are consistent with those of other TAAs including CMD, increased col- 
lagen deposition, elastin fragmentation and lack of an inflammatory response [92] . 
Interestingly, the mutations in TGFBRs result in excessive TGF-/? signaling rather 
than inhibited signaling. This leads to effects similar to those observed for MFS 
and underscores the importance of TGF-jSs in regulating vascular tissue homeo- 
stasis. In LDS patients, contrary to expectation, increased collagen deposition was 
observed, accompanied by elevated connective tissue growth factor (CTGF) 
expression and nuclear Smad2 localization [64, 91] which are all clear indicators 
of enhanced TGF-/? signaling. CTGF is directly regulated by TGF-/? via the Smad2 
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pathway and promotes proliferation and ECM production by fibroblasts and 
SMCs. The up-regulation of CTGF could propagate excessive TGF-/! signaling via 
attenuation of the inhibitory Smad7, a key component of the TGF-/! feedback 
loop [93]. CTGF has also been shown to regulate TGF-/? responses and inhibition 
of CTGF can reduce TGF-/f-induced collagen synthesis, while elevated levels of 
CTGF directly contribute to ECM accumulation (Fig. 3) [94]. As tissue homeo- 
stasis relies on a balance between organized matrix deposition and matrix deg- 
radation, TGF-/? also elicits control over the remodeling process by activating 
inhibitors of tissue proteases such as plasminogen activator inhibitor- 1 (PAI-1) and 
tissue inhibitors of the MMPs (TIMPs). These observations are counter-intuitive 
since aneurysm development is well known to include over-production of the 
ECM degenerative MMPs and calls into question the relative role of MMPs as 
instigators of aneurysm formation. Perhaps the causal agents lie upstream in the 
signaling cascade and initiate a faulty remodeling process which results in an 
improperly formed ECM, lacking sufficient biomechanical integrity. MMPs are 
essential for normal remodeling, evidenced in other tissues such as the skeletal 
system where ECM fragments are stimulators of new, organized matrix deposition. 
These apparently synergistic effects of TGF-jS and CTGF create a fibrosis-like 
state of the aortic ECM in LDS patients, where biomechanical integrity is 
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compromised. It has been well-established that both TGF-/J and CTGF are potent 
fibrotic agents in many tissues; however the challenge that remains is devising 
an intervention at the molecular level to prevent these signaling events that 
cause impaired collagen deposition. CTGF, as a down-stream modulator of 
TGF-jS-mediated fibrosis is an attractive target for therapeutic intervention to 
prevent collagen accumulation and matrix disorganization. 

Fibrosis occurs as a result of tissue defense to an assault or injury and represents 
a poorly repaired tissue, lacking adequate biomechanical properties. Often there is 
excessive insoluble collagen with improperly formed cross-links or poorly orga- 
nized into fibrils. More collagen does not translate to increased strength. However, 
unlike fibrosis, this accumulated collagen in TAA patients occurs in the absence of 
an inflammatory response. Contrary to MFS, there have been no studies measuring 
the biomechanical strength of the aorta in LDS patients. However, given the 
disruption of the TGF-jS signaling cascade, it is reasonable to hypothesize, that dis- 
regulation of collagen synthesis and factors that regulate matrix remodeling such 
as MMPs and inhibitors of tissue proteases will significantly impact the biome- 
chanical integrity of the matrix and the vessel wall as a whole. The direct con- 
tributions of each pathway or mechanism on the biomechanical strength will likely 
be determined through a combination of animal models and targeted interrogation 
of particular molecules in the signaling cascade, complemented by analysis of the 
biomechanical properties of the aneurysmal aorta. Within any given tissue niche, 
the cell senses the needs of the matrix and responds in kind to remodel, repair, or 
regenerate and disruptions upstream can have devastating effects that contribute to 
the pathogenesis of the connective tissues. To avoid surgical intervention, medical 
therapies should target correction of the upstream events (i.e., TGF-/? signaling) to 
prevent the deleterious effects of an improperly organized and maintained ECM on 
aortic biomechanics. 

In the LDS patient, medical intervention with Ang II receptor inhibitors to 
combat the effects of increased TGF-jS signaling in LDS patients may show similar 
to promise as treated MFS patients, but to date, no conclusive efficacy studies have 
been performed. 



2.3 Ehlers-Danlos Syndrome 

In patients with Ehlers-Danlos syndrome (EDS), the predilection for vascular 
abnormalities is rupture or dissection of the first-order branch arteries but aortic 
dissection and rupture do also occur [70]. EDS patients show clinical manifesta- 
tion of the disorder as hyperextensibility of the skin which is thin and translucent, 
hypermobility of joints, extensive bruising, rupture of the arteries, intestines and 
uterus. The leading cause of death for EDS patients is rupture or dissection of 
thoracic or abdominal medium-large vessels and this often occurs when the patient 
age is in the fifties. Clinical management is very difficult in these patients because 
the vascular tissue is extremely fragile and is not easily sutured. Therefore, 
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surgical intervention often leads to further complications and increases the risk for 
aortic catastrophe [70]. Expert opinion promotes regular monitoring of EDS 
patients by CT or MR angiography of the vasculature but there are no well- 
established guidelines for elective intervention [70]. The EDS patient is extremely 
difficult to treat due to the high risk of operative treatment and the lack of 
understanding of the appropriate mechanism to target for medical intervention. 

Of the at least 12 known types of EDS with various genetic bases, there are 6 
types that are associated with thoracic aortic disease [95]. Over 70 mutations have 
been linked to EDS and patients displaying the vascular effects of EDS (type IV) 
are known to have a mutation in the gene encoding type III procollagen [65, 96]. 
Mutations in type V alpha 1 procollagen have also been reported for EDS patients 
with arterial rupture [97]. 

Type III collagen, along with Type I collagen is a predominant form of collagen 
in the aortic media and is synthesized by aortic SMCs [98, 99]. The effects of 
CoOal mutation has been difficult to analyze due to lack of a successful animal 
model. Mutations achieved through targeted ablation of Col3al showed aortic 
dissection and bruising of the skin, however only 5% of homozygous mice sur- 
vived at weaning and most died within 48 h of birth. Recently, a new mouse model 
with spontaneous mutation of the CoOal gene was identified serendipitously 
whilst investigating the role of Mro in sexual development [100]. These mice died 
of aortic dissection of the descending thoracic and abdominal aorta with no evi- 
dence of inflammation. While there was no difference in overall collagen gene 
expression, histological analysis of collagen deposition showed an overall decrease 
in collagen content in the aortic adventitia. Transmission electron microscopy 
displayed disrupted collagen as well as elastin fibers (Fig. 4). The investigators 
also provided evidence of normal TGF-fS signaling as well as lack of hypertension 
in col3al -mutated mice. This model should prove useful in future investigations of 
the role of Type III collagen in the microarchitecture of the aorta. Since the 
adventitia has long been recognized as providing substantial biomechanical sup- 
port for the aorta, disruption in CoOla may abrogate this role of the adventitia in 
EDS IV patients. Improperly formed collagen fibrils probably provide less strength 
against hemodynamic forces and lead to dissection, rather than aneurysm. The 
mouse model described by Smith et al. [100] also brings to light a putative role for 
Type III collagen in maintaining the layers of SMCs and the collagen/elastin 
matrix within the aorta. Evidence of shearing between layers was observed with 
infiltration of red blood cells. This is primary evidence for impending dissection. 
Therefore, the biomechanical contribution of Type III collagen may be to protect 
inter-layer strength and mutations in this key ECM protein may place the patient at 
risk for rupture by aortic dissection. While Type I collagen is thought to provide 
most of the tensile strength of the aorta and organize as thicker fibers. Type III 
collagen is found as thinner fibers in close association with elastin where it can 
participate in recoil capabilities [101]. A point mutation was identified in a patient 
with EDS IV, located in one of the Gly-X-Y backbone sequences of the alpha 
chain [102]. The mutation causes the Gly to become a Glu and given that Gly 
is required for the triple-helical structure of the collagen fiber, this mutation 
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Fig. 4 Transmission electron microscopy of aortas from +/Col3al mice display abnormalities 
in matrix architecture, a Normal +/+ mice show regular continuous elastin (*) while there is 
reduced density of elastin (*) in +/Col3al^ mice (b). The elastin lamellae is discontinuous (black 
arrows) and dissection through the media layer is also noted in +/Col3al mice (white arrows) 
(c). There is evidence of erythrocyte infiltration within the medial layer in (d) and (e) and the 
elastin lamellae (arrow). Collagen fiber abnormalities are evident as shown (f) and (g) (arrows). 
L=lumen; m=media; r=erythrocytes; sm=smooth muscle; Le=leukocyte. Scale bar=5 pm for 
a-e and 2 pm for f, g. (Figure 4 from Smith et al. [100]) 



de-stabilizes the collagen within the aorta and likely compromises its biome- 
chanical integrity. 

Collagen fiber strength is dependent on its cross-links formed between adjacent 
helical domains. The mechanical properties can be altered when cross-linking is 
modified either chemically or physically. The enzyme lysyl oxidase (Lox) cata- 
lyzes formation of lysine or hydroxylysine cross-links. Lox expression parallels 
that of Type I and III collagens [103-105]. Enzymatic activity of Lox is dependent 
on copper for the transfer of electrons to and from oxygen for delamination of 
peptidyl lysyl groups on collagen and elastin [106]. Furthermore, variations in 
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Fig. 5 Demonstrate of using 
optical tweezers to measure 
force of stretching a single 
collagen molecular. Such 
technology will be useful for 
characterizing the 
biomechanical properties of 
collagen fibrils. (Figure 1 
from Sunet al. [110]) 




copper metabolism have long been linked to EDS type IX which has clinical 
manifestations including bladder diverticula, skin hyperelasticity and skeletal 
abnormalities [107]. In patients with impaired copper metabolism, a reduction in 
Lox expression and decreased collagen cross-linking in cultured skin fibroblasts 
was reported. Inactivation of Lox has also been linked to aortic aneurysm for- 
mation and death in a mouse model [108]. Mutations in Type III collagen that alter 
collagen fiber assembly may also negatively impact the cross-linking by Lox 
by directly altering the sites for cross-link formation which are critical to the 
biomechanical function of the collagen fibers. 

There is also an established link between EDS patients and mutations in 
TGFBRs, accompanied by elevated TGF-/? signaling, similar to LDS patients. It is 
also thought that reduced expression of Type III collagen may be compensated for 
by enhanced TGF-jS in an ineffective attempt to rebuild a deficient matrix. It has also 
been proposed that cellular response to TOP-/? within the aortic wall differ by cell 
type as reviewed recently by Jones et al. [109]. During the process of aneurysm 
formation or other forms of vascular injury, the relative proportion of SMCs, 
fibroblasts and myofibroblasts changes and the phenotype of SMCs is also altered 
toward the undifferentiated, synthetic state. It is important to understand the 
molecular nuances of TGF-/? signaling in the normal and aneurysmal aorta in order 
to ascertain the role of these pathways on the overall tissue homeostasis. Balanced 
interplay between cells and matrix ultimately drives maintenance of adequate 
biomechanical strength to support the efforts of the heart to deliver blood throughout 
all body tissues. There are clues in the biochemical pathways, but the real knowl- 
edge of tissue homeostasis lies with biomechanical analysis of the tissue itself. 

As with MPS and LDS patients, to date, the biomechanical strength of 
ascending aorta from EDS patients has not been investigated using ex vivo 
approaches. The work of Sun et al. [110] using optical tweezers offers another 
strategy to quantify the strength of individual collagen fibers from native tissue or 
those produced by culture cells in vitro (Pig. 5). These analyses could allow the 
interrogation of mutated forms of collagen produced recombinantly to determine 
the role of particular collagens and collagen structure on the biomechanical 
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Strength of the aorta and the causal role of mutations in EDS. Understanding 
the metabolism of collagen cross-linking and the impact of improper collagen 
assembly on the overall biomechanical strength of the aorta will improve the 
clinical management and treatment of patients with EDS who are at increased risk 
for complications during surgical intervention. Strategies to derive medicinal 
therapies for EDS patients might include focus on targeted repair of collagen 
cross-linking and/or assembly to improve the biomechanical strength of the aorta 
and prevent dissection or rupture in these patients. 



2.4 Bicuspid Aortic Valve 

BAV is the most common cardiac malformation and occurs in 1-2% of the general 
population with a gender bias of 2: 1, males versus females [72]. The presence of a 
BAV pre-disposes the patient to formation of TAA and aortic dissection and 
usually requires careful surveillance and often surgical intervention for the asso- 
ciated co-morbidities of aortic insufficiency or stenosis in addition to ascending 
aortic replacement due to TAA or dissection. These phenomena that transpire in 
the BAV patients arise from an unknown pathway that is thought to stem from 
effects of altered hemodynamics through the BAV and/or due to an inherent defect 
in the wall of the ascending aorta which contributes to loss of biomechanical 
strength and leads to dilatation and aneurysm formation. The causal pathway of 
aneurysm formation in BAV patients appears to be distinct from patients with a 
morphologically normal aortic valve, known as tricuspid aortic valve (TAV). 
Within our clinical database, we confirm a remarkable bimodal age distribution for 
TAAs with a mean age of 5 1 for patients with BAV compared to a mean age of 
68 for patients with TAV. This same bimodal age distribution was noted among 
patients with Stanford type A aortic dissection [111]. Strikingly, over 40% of 
patients undergoing replacement of the ascending aorta for aneurysm or dissection 
at large thoracic aortic surgical centers have BAV. BAV patients have uniformly 
larger diameter aortic roots and ascending aortas compared to age- and sex- 
matched controls [112]. The aortic roots of BAV patients, even in the absence of 
aneurysmal disease or valvular stenosis, have abnormal elasticity [113, 114]. This 
inherent aortopathy present with the BAV syndrome and the consequent aortic 
aneurysm formation greatly increases the risk of aortic dissection and sudden death 
in these patients [69]. 

Although linkage analysis shows evidence of genetic basis for BAV [70, 115, 
116] and mutations in Notch 1 have been associated with calcification of the aortic 
valve and development of aortic stenosis [117], no gene or pathway to date has 
clearly defined a cause of the aortic pathologies occurring in patients with BAV. 
TAAs of the BAV patients display similar histopathology as those of connective 
tissue disorders discussed above. These included CMD, non-inflammatory SMC 
apoptosis, accumulation of proteoglycans, increased MMP activity and extensive 
elastin fragmentation. As with other TAAs, those occurring in BAV patients 
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involve matrix degradation which results in a weakened biomechanical response, 
incapable of withstanding hemodynamic forces and as a result, aneurysm occurs 
and places the patient at increased risk for dissection and rupture. 

Unlike the other connective tissue disorders, no gene has been identified for 
BAV, so there is considerably less known on the potential mechanism of TAA 
formation in BAV patients. The incidence of BAV overlaps with oc-SMA and 
TGF-fiR mutations at a frequency of 2.5-3% [73] but no gene or pathway 
responsible for inciting TAAs in BAV patients has been identified. A role for 
reactive oxygen species (ROS) in the development of TAAs in BAV patients has 
been reported by Phillippi and Gleason [118, 119] ROS have been implicated in 
the development of TAAs in non-BAV patients as well [120, 121], but the 
mechanism inciting TAAs remains elusive. Recent work from Phillippi and 
Gleason has focused on the role of the ascending aortic SMCs in maintenance of 
the aortic ECM. It was shown by gene array that several isoforms of a family of 
stress response proteins called metallothioneins (MTs) were substantially down- 
regulated in the ascending aorta of aneurysmal patients with BAV relative to 
normal non-aneurysmal patients and aneurysmal patients with TAV [119]. MTs 
are a superfamily of intracellular cysteine-rich proteins of low (<7 kD) molecular 
weight, with high metal binding and redox capabilities. MTs appear to be pri- 
marily stress response proteins and are transcriptionally activated under conditions 
of reactive oxygen species, hypoxia, UV irradiation and heavy metal exposure. 
The mechanism of action for MT has not been delineated. Many studies suggest 
that MT plays a role in the homeostasis of essential metals such as zinc [122] and 
cadmium (Cd) [123], detoxification of metals, and protection against oxidative 
stress [124-127]. MT-/- mice are non-lethal and studies have demonstrated that 
MT is not required for proper growth or development, however the absence of 
MT- 1 or -2 increased Cd-induced lethality and hepatotoxicity, and overexpression 
of MTs provided protection from Cd-induced death [128]. MT has been implicated 
in the pathogenesis of multiple diseases including oxidative stress-induced cardiac 
dysfunction [129]. MT was also shown to rescue hypoxia-inducible factor 1 -alpha 
(HIP- la) activity and increase vascular endothelial growth factor (Vegf) expres- 
sion in a mouse model of diabetic cardiomyopathy [130]. HIP- la has been 
extensively characterized as a key player in processes of ECM degradation during 
neoangiogenesis in cancer progression [131-133] and in normal cells [134, 135]. 
Induction of Vegf in the presence of ROS was also dramatically reduced in pri- 
mary SMCs from BAV patients [118]. However, MT has not yet been shown to 
play a direct role in ECM homeostasis. As part of the overall oxidative stress 
response and an upstream regulator of HIP- la and Vegf, MT could elicit down- 
stream effects that are proponents of ECM degradation. 

In a mouse model of Marfan syndrome, Pbnl*^^°^^°'"^ mice developed TAAs 
[136] with reduced expression of superoxide dismutase (SOD) and increased 
expression of iNOS, NADPH oxidase (NOX) and Xanthine oxidase (XO) [137]. 
Elevated levels of homocysteine and protein carbonyl content, accompanied by a 
decrease in total antioxidant capacity, were found in the serum of Marfan patients 
[121]. Homocysteine is thought to affect MMP/TIMP ratios by modulating Nitric 
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oxide (NO) availability [138, 139], causing increased deposition of collagen and 
degradation of elastin leading ultimately to altered vessel biomechanics evidenced 
by reduced aortic flow velocity [140]. Oxidative stress has also been implicated in 
the pathogenesis of AAAs [141]. Increased expression of the NOX subunit p22'''^°'' 
in TAAs co-localized with MMP activity in the aortic media [120]. These data 
support a causal role for NOX activity in sub-clinical pathogenesis of BAV aortas. 
Mice deficient in Noxl or NOX subunit p47'' ™ were protected from angiotensin 
Il-induced aneurysm and dissection, potentially through modulation of MMP/ 
TIM? ratios [142, 143]. ROS appear to be associated with impaired vasomotor 
function [137]. 

A theoretical cause of TAAs is that the BAV elicits undue biomechanical stress 
on the aortic wall. This is substantiated by reports that altered hemodynamics 
cause aortic wall weakening and spatially dependent expression of matrix proteins 
[144-146] Evidence against a hemodynamic cause for TAAs in BAV patients 
arises from the clinical observation that BAV patients who have undergone aortic 
valve replacement prior to TAA development remain at increased risk for ongoing 
aortic dilatation [147] which is discordant with the degree of aortic stenosis or 
insufficiency [112, 114]. Patients with aneurysm or dissection of the ascending 
aorta, including those with BAV, exhibit evidence of ECM degeneration, such 
as elastin fragmentation and increased collagen deposition [45, 48, 60-62, 74, 
75, 118] as do NOX- 1 -deficient animals [148, 149]. The increase in collagen 
matrix deposition [45, 47, 118, 150, 151] in BAV-TAAs as a putative result of 
ROS [142] may serve as a compensatory mechanism to counter the MMP/TIMP 
imbalance [152, 153]. Endothelial nitric oxide synthase (eNOS)-deficient mice 
demonstrate a 32-41% incidence of BAV [154, 155]. Polymorphisms of eNOS are 
linked to AAAs [156-158] and intracranial aneurysms [159-163] and reduced 
eNOS is observed in the aortic endothelium of BAV patients [164] and linked to 
experimental (elastase perfusion) [165] and age-related AAAs [166] but has not 
been characterized for TAAs. There is mounting evidence for a role of ROS in 
disrupted ECM homeostasis but a defined molecular mechanism has yet to be 
established. ROS is known to impact the SMC phenotype [167, 168], shifting them 
towards a de-differentiated state which increases ECM matrix synthesis [169] and 
is associated with TAAs of various origins [66, 67, 73, 170-173] and thus could 
modulate tissue biomechanical strength. 

The BAV aorta is pathologically similar to those of the other connective tissue 
disorders but the mechanisms inciting the final common pathway of ECM 
degeneration and biomechanical failure appear to be distinct. Like LDS, collagen 
expression is elevated in TAAs of BAV patients [118]. Collagen is radically 
affected by the presence of ROS and the lucid SMC phenotype takes preference 
toward de-differentiation in TAAs [173] and is strongly influenced by oxidative 
stress [167, 168]. The inability of SMCs of BAV patients to adequately sense 
and cope with oxidative stress appears to negatively impact matrix deposition 
and orientation. Collagen fibers appear more disorganized in TAAs of BAV 
patients [174]. In agreement with the observations of increased collagen deposi- 
tion and disorganization, preliminary results the authors' laboratories of ex vivo 
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biomechanical testing of freshly-harvested TAA specimens demonstrated 
increased tensile strength and decreased delamination strength of BAV specimens 
when compared to aortas of healthy individuals [175-178]. 

These observations support a pivotal role of the SMCs in maintaining the aortic 
ECM. The aortic SMCs, presence of excess ROS, and the cells' ability to manage 
oxidative stress warrants further investigation pertaining to their role in overall 
ECM homeostasis and biomechanical integrity of the vessel wall. Improved 
treatment of BAV patients will likely come from drawing connections between 
SMC response to ROS in the form of cell viability and phenotypic modulations 
and the impact of these behaviors on ECM deposition, organization and biome- 
chanical integrity. 



2.5 Other Familial Thoracic Aortic Aneurysms 

There are many instances of familial TAA where there is no connective tissue 
disorder present, nor incidence of BAV but there is heritability of aortic diseases 
within families. Linkage analysis has documented genetic loci that are implicated 
in familial aortic disease but no gene or pathway inciting ECM degeneration has 
been identified to date. In some patients, mutations in fibrillin- 1 are similar to that 
of Marfan syndrome but lacking clinical manifestations in other organ systems 
[73, 179]. Expert surgical opinion suggests that these patients follow strict sur- 
veillance similar to that recommended for MPS patients [70]. The fundamental 
mechanism of failure is likely similar to that of other TAAs and include ECM 
degradation. As mutated genes and faulty pathways are identified in these patients, 
the impact of their dysfunction on ECM homeostasis and biomechanical integrity 
can be investigated. 



3 Biological Mechanisms that Impact ]VIechanical Properties 
of the Aneurysmal Abdominal Aorta 

During AAA formation and enlargement, the biomechanics of the aortic wall 
change dramatically [11, 26, 30, 31, 180-182] due to loss of ECM integrity which 
is spatially variable [21, 31, 183-185] (Fig. 6). Several studies demonstrated that 
the tensile strength decreases as the aneurysm expands [11, 26] and wall strength 
and stiffness are spatially variable [21, 29, 31]. The evidence supports the notion 
that local factors such as wall stress and/or hypoxia negatively influence the 
biomechanical strength of the vessel wall by promoting localized ECM degrada- 
tion that is known to occur in AAAs [30, 186, 187]. Portions of AAAs were found 
to be stiffer, contain less elastin and collagen when compared to normal aorta. It is 
now well accepted that AAAs arise and progress up to failure when stress in the 
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aneurysm wall exceeds the strength of vessel wall. However, little is known of the 
biological mechanisms driving ECM degeneration in AAAs but two areas under 
close scrutiny are stress-mediated and strain-mediated wall weakening and 
hypoxia-mediated disruption of ECM homeostasis. 



3.1 Stress/Strain-Mediated Formation of AAAs 



Mechanical forces or deformations are considered to be paramount to maintenance 
of microstructure in normal tissue under physiological conditions. Elastin con- 
centration was found to decrease with the diameter in the non-aneurysmal and 
aneurysmal aorta [188]. Variations in aortic wall stress are supported by the law of 
Laplace which indicates that vascular wall stress is directly proportional to its 
diameter. Hence, areas of dilatation may occur in response to spatial changes in 
wall stress [183]. The observation of focal saccular outpouchings, also known as 
"blebs" within the walls of AAAs are speculated to be sites of higher risk for 
rupture since these represent areas of stress concentration [189]. The latter is very 
important in practice because rupture of the material is commonly expected to start 
at the location of stress concentration. These blebs were also characterized by 
decreased collagen and elastin when compared to neighboring sites within the 
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AAA [190]. Mechanical forces are known to influence ECM production by SMCs 
[191, 192], endothelial cells [193] and other cells [194]. These combined data on 
spatial variability in ECM content and cell response to stress support the fact that 
stress concentration leads to disrupted ECM homeostasis, resulting in weakening 
of the aortic wall. In atherosclerosis, the occurrence of lesions at branch in artery is 
also correlated with the stress concentration. Similar mechanisms may contribute 
to formation and/or progression of TAA since ECM proteins were found 
to be differentially expressed on the greater and lesser curve of the ascending 
aorta [195]. 

Some of the major known contributors to ECM degradation are the MMPs. 
Elevated MMPs have been identified in both TAAs and AAAs and are influenced 
locally by stress [43, 153], aneurysm size [196] and growth rate [197]. MMPs, and 
other proteolytic enzymes such as tPA and urokinase plasminogen activator are 
enhanced by mechanical stress [153]. Macrophages also play a dominant role in 
increasing MMP production as part of the inflammatory response that occurs with 
AAA [21, 198]. Macrophages are centralized to areas of atherosclerotic plaques 
and elevated MMP production is observed in these zones of decreased mechanical 
strength [199, 200]. These studies suggest that macrophages may play a key role in 
reducing the strength of AAA via stress-mediated expression of proteolytic 
enzymes. The local SMCs and/or fibroblasts and especially the macrophages 
appear to "sense" the mechanical stimulation and respond by increasing pro- 
duction of proteolytic enzymes. Elevated levels of MMPs then work to degrade the 
ECM and thus weaken the biomechanical integrity of the aortic wall, leading to 
aneurysm formation and risk for rupture. The molecular signaling mechanisms by 
which mechanical stimulation promotes increased MMP expression remain elusive 
but likely involves a complex network of intracellular signaling pathways con- 
nected to cytoskeletal proteins that are indirectly tethered to the ECM. Some 
recent studies have targeted the Jnk and MAPK pathways as mediators of MMP 
regulation in AAA [201, 202]. 

Therefore, locally acting forces (and therefore wall stresses) play an important 
role in the pathophysiology of aneurysmal disease. Specifically, local ECM 
degeneration of the aneurysmal wall, which could result in a compromised 
structural integrity of the AAA wall, appears to coincide with areas of increased 
wall stress. These studies support the idea of spatial variation of wall strength that 
could result in increased risk for rupture in defined locations that vary patient- 
to-patient. 



3.2 Hypoxia-Mediated Wall Weakening 

Another powerful modulator of ECM deposition is hypoxia. As discussed in the 
TAA sections above, hypoxia and ROS disrupt the normal balance of ECM syn- 
thesis and degradation by directly influencing production of ECM protein and 
regulatory proteins. Hypoxia has been shown to both increase [203-205] and 
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decrease [206, 207] production of collagen by SMCs. These observations suggest 
that local hypoxia contribute to aneurysm wall weakening through inhibition of 
ECM synthesis. Expression of MMPs as well as their release of elastase [208] and 
cytokines [209] is also greatly enhanced in macrophages under hypoxic conditions 
[210]. The hypoxic state may be caused by the presence of ILT [21, 211]. As a 
consequence, the mural cells within these zones likely respond to this environ- 
ment. A greater number of macrophages were found within [212] and in the 
vicinity [198] of the ILT along with many other inflammatory cells when com- 
pared to adjacent locations within the AAA. These areas displayed reduced elastin 
and increased MMPs. These collective data point to a role for hypoxia in stimu- 
lating ECM degradation and thus, negatively influence the biomechanical integrity 
of the aorta wall, consequently leading to AAA formation in these patients. 



3.3 Genetic Causes of Abdominal Aortic Aneurysm 

There have been extensive efforts made to identify genetic causes of AAA and a 
genetic basis for aneurysm growth. A recent systematic review of the literature by 
Saratzis et al. summarized a majority of these studies as of the year 2011 [213]. 
Most of the genetic studies center on the matrix-regulating proteins (MMPs, 
TIMPs), factors related to the inflammatory (interleukins, C reactive protein) and 
wound healing responses (TGF-/?s, platelet-activating factor, plasminogen acti- 
vator inhibitor 1 (PAI-1), osteopontin and osteoprotegrin (OPG)). The majority of 
studies investigating the role of these proteins in AAA formation demonstrated 
alterations in gene or protein expression and identified gene polymorphisms 
causing these changes in expression. However, most analyses failed to demon- 
strate a direct association between gene polymorphisms and AAA formation or 
growth. A few polymorphisms were found to be associated with development 
(MMP-3, [214] MMP-9, [215] TIMP-1 and -2 [216-218] the ^-chemokine 
receptors, CCR5 [219] and CCR2 [220] angiotensin converting enzyme [221] 
methylene tetra hydro folate reductase (MTHFR) [222-224] and potentially 
endothelial nitric oxide synthase (eNOS), although the sample size was relatively 
small [225]) or growth (PAI-1 [226], and an OPG-regulating factor called per- 
oxisome proliferator-activated receptor gamma (PPARG) [227]). 

Another recent review by Krishna et al. discussed the genetic and epigenetic 
causes of AAA [228] and was in agreement with Saratzis et al. for which there is a 
general lack of genetic polymorphisms strongly correlated with AAA. The 
"Aneurysm Consortium" has undertaken large Genome-Wide Association Studies 
(GWAS) to analyze variance in diseased patients and controls [229]. From 
this work, there was a strong correlation of chromosome 9p21.3 locus performed 
with respect to AAAs and was originally identified from seven different popula- 
tions [230]. A more recent study demonstrated that this association remained 
despite removing other AAA risk factors such as smoking, coronary heart disease, 
family history and dyslipidemia [231]. This chromosomal region is thought to be 
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non-coding DNA, consisting of repetitive DNA of retrotransposons which are 
transient genetic elements that move across the genome. Among these are a long 
interspersed nuclear elements 1 (LINE-1) which can invade a variety of genes and 
result in multiple phenotypic outcomes. A recent study evaluated several poly- 
morphisms of 9p21.3 and their association with AAA. Only two polymorphisms 
were found to be significantly associated with two open reading frames (ORFs), 
providing evidence that LINE-1 elements may be involved in a genetic cause of 
AAA [232]. However, further larger studies are needed to confirm this association. 
The Aneurysm Consortium also identified a single nucleotide polymorphism 
(SNP) on 9p21 which was previously shown to be associated with heart disease 
and recently with AAA [230]. Neighboring genes to this particular SNP code for 
proteins related to cell proliferation, apoptosis and senescence [229] and could be 
related to SMC phenotype. 

Gene products which have been shown to be altered in AAA and may or may 
not have had polymorphisms identified include MMP-2,3,7, 9, TIMP-3, inducible 
nitric oxide synthase (iNOS), eNOS, interferon-gamma (INF-y), tumor necrosis 
factor (TBN)-a, intercellular adhesion molecule (ICAM)-l, IL-6, TGF-^RII, 
platelet-derived growth factor (PDGF)-A, estrogen receptor (ER)-a//J, c-fos, 
5 -lipoxygenase (5-LO), extracellular superoxide dismutase (EC-SOD), fatty acid 
desaturase (Fads)-2, MTHFR and p53 [228]. Several epigenetic changes such as 
histone modifications and DNA methylation can alter expression of these genes, 
and therefore cause the variation observed in AAA relative to normal patients. 
These epigenetic alterations can stem from known AAA-related risk factors such 
as smoking, ageing and inflammation. Among these, smoking is the most prevalent 
risk factor for AAA, and over 80% of patients developing AAA have a history of 
smoking [233]. 



4 Biomechanics of AAA and TAA 

4.1 Methods for Measuring and Modeling Aortic Biomechanics 

Aneurysm rupture can be seen as a mechanical failure of the degenerated aortic 
wall that occurs when the wall stress acting on the aneurysmal wall exceeds the 
wall strength. Therefore, the knowledge of both wall stress and wall strength 
distributions for a given aneurysm will greatly improve the ability to identify those 
aortic aneurysms that are at highest risk of rupture. Towards this end, the bio- 
mechanics of AAA has been studied extensively by many groups whereas TAA 
biomechanics has not been fully considered. This section provides the state-of-the- 
art of AAA biomechanics, including the modeling of tensile strength and wall 
stress distributions and factors which influence them. Then the potential clinical 
utility of these estimates in predicting AAA rupture will be also presented. 
A summary of recent advances in TAA biomechanics is also articulated. 
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4.2 Analysis of Biomechanical Strength and Wall Stress In vivo 

4.2.1 AAA Wall Strength 

Given the general recognition of the importance of wall mechanics in the natural 
history of AAAs (e.g., [183, 234-236]), there have been numerous studies of AAA 
biomechanical properties. Noninvasive diagnostic techniques such as ultrasound 
and computer tomography have long been used to understand AAAs wall 
mechanics. Indeed, early studies focused on gross measurement of structural 
stiffness [37, 237-239] or vessel compliance [240, 241], including the effect of ILT 
[242]. Although these investigations were useful for clinical correlations, the AAA 
wall strength was not evaluated by these approaches. 

Vessel wall strength has not yet been measured in vivo due to the deficiency of 
current experimental techniques. However, researchers have easily assessed AAA 
wall strength performing ex vivo experimental testing on excised normal and 
pathological aortic tissue. Early ex vivo studies on the biomechanical properties of 
AAAs focused on understanding the effect of extracellular derangement observed 
in aneurysms [186, 187]. Reported uniaxial sub-failure tensile data for eight 
human AAAs and eight age-matched controls (all axially oriented specimens) 
revealed a stiffer AAA wall compared to that of the normal aorta [30]. Similar 
findings demonstrated that the aneurysmal aorta in the circumferential direction 
was stiffer than the axial direction, and that posterior portions were less stiff than 
anterior or lateral portions, suggesting a stiffness variation around the lesion [31]. 
These findings were corroborated by Vallabhaneni et al. [243] suggesting a cor- 
relation between strength and variation in MMP production, and Ragahvan et al. 
[244] reporting spatial variation of wall thickness and tensile strength in an excised 
AAA. Variation in AAA wall strength from point-to-point in a given aneurysm or 
from patient-to-patient support the fact that evaluation of AAA wall stress alone is 
insufficient to predict rupture and that AAA wall strength cannot be assumed to be 
constant on aneurysms. Vorp et al. widely investigated AAA wall mechanics, 
reporting measurements of AAA wall strength [26], and formulating both 
microstructure-based [11] and hyperelastic, continuum-mechanics-based models 
for the AAA wall mechanics [181]. In particular, the latter study reports uniaxial 
tensile tests on 69 freshly-excised human AAA specimens oriented along either the 
circumferential and longitudinal directions. They also quantified experimental data 
with a strain energy function of the form W= a{lB—3) + fiilg—S) where 
lB=trB=tr(F»F^) and F is the deformation gradient, and a and fi are the model 
parameters indicative of the mechanical properties in longitudinal or circumfer- 
ential directions (Fig. 7). This continuum-based constitutive model is appropriate 
for wall stress prediction [183] since it can be easily implemented in finite element 
analysis compared to microstructure-based models. To investigate the association 
of aortic wall weakening with AAA rupture, ex vivo tensile tests on freshly- 
excised wall tissue specimens from patient who suffered AAA rupture prior to 
surgery were compared to specimen tissues from elective repaired, asymptomatic 



90 



J. A. Phillippi et al. 



Fig. 7 The experimentally 
determined relationship 
between the first derivative of 
strain energy function and the 
first invariant of the stretch 
tensor for a representative 
AAA specimen. Linear 
regression resulted in a highly 
correlated fit (R^=0.99), 
indicating a linear 
relationship between the two. 
(From Fig. 1, Raghavan and 
Vorp [14]) 
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AAA [12]. The tensile strength of the ruptured AAA tissue was found to be 
significantly lower than that for the elective AAA tissue (Fig. 8). This data sug- 
gests that AAA rupture is associated with significant aneurysm wall weakening, 
supporting the idea that wall strength needs to be carefully considered on a patient- 
specific basis in order to accurately predict rupture potential of individual 
aneurysms. 

Uniaxial testing is not sufficient for highlighting the multi-axial biomechanical 
response of vessel in vivo; therefore, normal and pathological abdominal aorta 
tissue specimens have been tested in a biaxial testing device [245] to obtain more 
appropriate constitutive relation of aortic tissue and to investigate any apparent 
anisotropy of the aorta. The high non-linear responses found on 26 AAA tissue 
samples and 8 aged-matched abdominal aorta samples were described well by a 
two-dimensional phenomenological Tong-Fung (1976) strain energy function. 
These results confirmed the general observation that AAAs are indeed stiffer and 
more anisotropic (i.e., stiffer in circumferential direction) than the normal aorta. 
Comparison between strain energy functions derived from uniaxial testing [14] 
and biaxial testing [246] provided evidence for remarkable differences in 
mechanical response of the tissue between the two models, demonstrating the 
importance of correct model choice in biomechanical simulations (Fig. 9). 

There has been less attention to the influence of biomechanical properties of 
ILT that often lines AAAs. Di Martino [180] first reported uniaxial testing on 21 
samples of thrombus obtained from 6 patients generating support for the idea that 
thrombus may be "mechanically protective" by providing stress shielding or a 
cushioning effect for AAA wall. The most comprehensive study of the biome- 
chanical properties of ILT from human AAAs [247] revealed that the behavior is 
mildly non-linear over large strain, nearly isotropic [29] and inhomogeneous since 
portions of tissue from the luminal region were found to be stiffer and stronger 
when compared to middle region (Fig. 10). 

Although these mentioned studies established that AAA biomechanical prop- 
erties changes with aneurysm formation and that these properties are spatially 
variable, little progress has been made to provide methodology to noninvasively 
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Fig. 8 Difference in tensile 
strengtli of ruptured and 
electively repaired AAA wall 
specimens. (From Fig. 10, 
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Fig. 9 The strain energy of 
the averaged isotropic 
relation [12] and the averaged 
anisotropic constitutive 
relation [218] for AAA versus 
equibiaxial strain (E). (From 
Fig. 2, Voip [183]) 
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Fig. 10 Typical set of stress-stretch curves for ILT samples taken from the luminal region 
(upper set of curves) and the medial region (lower set of curves). All data were obtained from the 
same ILT (same patient). (From Fig. 3, Vorp [183]) 
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Fig. 11 Predicted versus 
measured strength for the 
statistical model of wall 
strength. The dash line 
represents the line of unity. 
(From Fig. 3A, Vande Geest 
et al. [20, 29]) 
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Fig. 12 Demonstrative 
application of the statistical 
model of wall strength (Eq. 3 
in [20], left), wall stress 
{middle), and rupture 
potential index (right) for 
four representative AAAs. 
(From Fig. 4, Vande Geest 
et al. [20, 29]) 
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predict the local wall strength distribution in a given AAA. A statistical-multi- 
factorial mathematical model is currently the only model for assessing the AAA 
wall strength with a noninvasively approach. Specifically, multiple linear regres- 
sion techniques were used to derive a statistical model for the prediction of AAA 
wall strength based on experimental measurements and measurable pertinent 
predictors, including local AAA diameter, local ILT thicloiess, patient age and 
gender, and patient family history of AAA disease [see the excellent work by 
Vande Geest [20] for more on this statistical model]. The predictability and 
example applications of such a model are shown in Figs. 11 and 12 [20]. In this 
study, the concept of RPI, which is defined as the locally acting wall stress divided 
by the local wall strength, was also introduced to define the propensity to rupture 
of a given AAA. 
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4.2.2 AAA Wall Stress 

In recent years, there has been an increasing effort to develop appropriate finite 
element (FE) models to assess the wall stress in dictating the fate of aneurysm 
failure. Early stress analyses have assumed idealized geometries, and are based on 
law of Laplace [248-250], axisymmetric membrane theory [16] or linear elastic 
material behavior [251, 252]. Moreover, Inzoli et al. [251] were the first group to 
introduce an important, but controversial, concept: that ILT may act to reduce 
AAA wall stress by a shielding effect. However, these models are inappropriate to 
describe the inherent non-linearity of the aorta under large deformations and fail to 
demonstrate the likely importance of blebs which, in turn, cause stress concen- 
tration (Fig. 13). The best models available utilize patient-specific geometries and 
treat the aneurysmal wall as a non-linear elastic, isotropic, homogenous body 
[22, 23, 253] (Fig. 14). From these studies, the stress magnitude and distribution 
were found to be dependent on either the shape of the AAA bulge as well as 
aneurysm diameter. These findings strengthen the argument for which aneurysm 
with the same diameter may not necessarily have the same propensity to failure. 

To accurately mimic the physiological mechanical behavior of the normal and 
pathological aorta, the proper utilization of the constitutive material models 
implemented in FE models needs to be evaluated. This was accomplished by Vorp 
et al. who investigated the influence of constitutive-model material parameters 
[13, 181] and tissue anisotropy [246] on wall stress prediction. They performed a 
parametrical analysis by changing the a and fi material parameters of the consti- 
tutive material model described by Raghavan et al. [181], on several FE stress 
analyses of hypothetical 3D asymmetric AAAs. The maximum variation of 
material parameters led to less than 5% in the predicted wall stress, and this 
suggests that the differences in AAA wall stress from patient-to-patient are driven 
more by the differences in surface geometry than in material properties. In a 
similar way, FE analyses on two non-ruptured and one-ruptured AAAs modeled 
with both isotropic [14] and anisotropic [29] wall constitutive relation demon- 
strated that an anisotropic material model provides a better prediction of the stress 
distribution in AAAs compared to an isotropic model. The most advanced FE 
models also consider the presence of ILT contained in most AAAs. Indeed, the 
incorporation of thrombus into computational stress analysis models the profound 
influence on the magnitude and distribution of stress acting on the AAA wall, and 
this should be considered for accurate wall stress estimations (Fig. 15). Recently, 
the statistical model for predicting wall strength and rupture potential index pro- 
posed by Vande Geest et al. [182] were implemented in FE analysis [28] and 
compared with the maximum diameter criterion to evaluate their reliability in 
AAA rupture prediction. The strength model reported by Vande Geest was mis- 
used by the authors (the local normalized diameter that was used was not as 
specified by the original model), and it is unclear how this affected their results. 

There has been increasing interest in fluid-structure interaction (ESI) modeling 
of AAAs, yet most studies assume the non-aneurysmal and aneurysmal aorta, 
and ILT as linear elastic, homogeneous, isotropic, nearly incompressible body 
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Fig. 13 Comparison of 
stresses computed for a 3D 
asymmetric AAA model 
using the hyperelastic 
constitutive model [12] with 
those using a linearized 
elasticity model along 
anterior surface (a), along 
posterior surface (b), and 
around mid-section (c). Note 
the substantial error involved 
with using the theory of 
linearized elasticity. (From 
Fig. 7, Raghavan and Vorp 
[14]) 
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[254-256]. While these studies have been important to demonstrate that the 
pressure field in AAAs is relatively constant [257, 258], the effect of shear stress 
was neglected. Perhaps, the most important sophisticated FSl model to date is that 
by Rissland et al. [259], incorporating ILT, wall calcification, and anisotropic 
tissue properties. Experimental biaxial data of AAAs [29] were fitted with the 
Holzapfel orthotropic material formulations [260] which models vessel wall as 
fiber-reinforced composite material. Calcified plaques surrounding AAAs were 
assumed to behave as stiff isotropic materials whereas the ILT was modeled as 
linearly elastic. Later, Xenos et al. [39] validated this FSI methodology to assess 
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Fig. 14 The distribution of von Mises stress on the posterior and anterior abdominal aortic walls 
of the control subject and the patients with abdominal aortic aneurysms. Grey regions are those 
with artificially high stress concentrations because of edge effects. The individual color scales 
give the stress magnitude. In all cases, blue represents the lowest stress magnitude, and red 
represents the highest stress magnitude. Note the comparatively lower range of stress in the 
control aorta. (From Fig. 4, Raghavan et al. [181]) 



96 



J. A. Phillippi et al. 



Without ILT 
Posterior Anterior 



With ILT 

Posterior Anterior 



AAA#1 



AAA #2 




AAA #3 



AAA #4 






Von Mises 
Stress 



N/cm- 



p 



37 N/cm- 



N/cm= 



30N/an' 
N/cm' 



39.5 N/cm- 



t 



N/cm^ 



45 N/cm= 



Fig. 15 Comparison of 3D wall stress distribution between AAA models with and without ILT. 
Individual color scales (right) indicate von Mises stress for each AAA. Both posterior and 
anterior views are shown for each case. (From Fig. 4, Wang et al. [19]) 

rupture propensity on cases of ruptured AAA using the wall strength model and 
RPI proposed by Vande Geest et al. [182] (Fig. 16). 

These studies have demonstrated that computational models have potential to 
improve the predictions of rupture potential. It should be also noted that many 
investigators report the Von Mises stress to assess the maximum stress, inducing to 
AAA failure. However, Von Mises stress has its importance in the fracture 
mechanics of ductile materials, which yield due to excessive shear stresses. The 
aorta has a nonlinearly elastic behavior, not exhibiting yielding, where failure is 
governed by maximum normal stress [261-263]. Therefore, this issue of a most 
appropriate failure criterion must be addressed in future investigations. 
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Fig. 16 Wall strength mapping and the corresponding rupture potential index, for the ruptured 
AAA cases. Multiple distinct regions of high RPI are observed, with at least one that coincides 
with the actual location of rupture. The RPI for both cases is close to unity indicating a very high 
risk of rupture, with a higher RPI (0.95) for the smaller rAAA. (from Fig. 6, Xenos et al. [39]) 



4.2.3 TAA Wall Strength and Wall Stress 



Despite the aforementioned importance of wall strength in the mechanics under- 
ling the aortic failure, there has been less attention to that of thoracic aortic 
aneurysm. This pathology is also particular lethal although the relatively rare 
incidence. Similar to AAA, aneurysm involving the ascending and descending 
aortic segments can rupture. However, a more common pathology is dissection 
where an intimal tear, often circumferential in origin, permits blood to enter the 
aortic wall splitting the media and progressively separating the medial plane along 
the axial direction of the aorta. From a biomechanical viewpoint, the dissection 
represents a separation of the elastic layers of the degenerated aortic wall that 
occurs when the hemodynamic loads exerted on the aneurysmal wall exceed 
bonding forces that normally hold the layers together. Clinical hemodynamic 
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disturbances that render the aorta susceptible to the onset of dissection are prin- 
cipally elevated maximum systolic and mean aortic blood pressure [264]. 

Early studies reported experimental data for normal descending and mid-tho- 
racic aorta from uniaxial tensile tests [261, 265] and inflation tests [261, 266]. 
These studies indicated that wall strength is dependent on the anatomic site of the 
vessel and that tensile failure behavior is perhaps anisotropic. Early wall strength 
measurements of ascending thoracic aortic aneurysm (ATAA) revealed biome- 
chanical characteristics similar to those of the abdominal aorta. Ex vivo studies by 
our laboratory on thirty aneurysmal aortic tissue specimens oriented in both the 
longitudinal and circumferential direction demonstrated that tensile strength in 
ATAA is 30% lower than non-aneurysmal ascending aorta, suggesting higher risk 
of rupture in patients with ATAA [33]. Additionally, tissue stiffness of ATAA wall 
was found to be higher than normal aorta and particularly, the longitudinal 
direction was stiffer than the axial direction. Later, Iliopoulos et al. [32] reported 
lower longitudinal tensile strength with aneurysm enlargement. The low wall 
strength in longitudinal direction found in these investigations may be responsible 
for aortic dissection in ATAAs. 

As found for AAAs, the ATAA wall strength and stiffness vary spatially. 
Ex vivo tensile testing data revealed uniform ATAA tissue strength and stiffness 
along the circumferential direction whereas, in the longitudinal direction the 
anterior region was the weakest and least stiff part of the aneurysm, and this can be 
associated with the clinical evidences of preferential ATAA bulging in the anterior 
region [267]. Tensile wall strength data associated with abnormal valve mor- 
phology revealed that ATAA tissues excised from patients with bicuspid aortic 
valve are stiffer than those from those patients with tricuspid aortic valve [34]. 
However, these findings are limited by a relatively small sample size (n — 6). 
Only one study reported media splitting testing measurements to understand the 
dissection properties of thoracic aorta [268]. By infusing liquid into media, a bleb 
was created and thus the propagation of the liquid was monitored to explore the 
mechanics of dissection. 

Although FE methodology has been applied extensively in the prediction of 
wall stress for AAAs, it has not been given the same degree of importance in the 
investigation of wall stress in ATAAs. Therefore, computational modeling of 
ATAAs is very limited and recent. In the earliest study, the ATAA was modeled as 
an axisymmetric dilation in a cylindrical aorta as an isotropic, nonlinear, hyper- 
elastic material behavior [269]. As the aneurysm grows, the longitudinal stress in 
the bulb of the aneurysm is the only stress that was found to increase significantly 
and thus is likely to cause rupture or dissection. The influence of the aortic root 
movement on the aortic wall stress as related to aortic dissection was also 
investigated in a single-layered, linear elastic, isotropic, homogeneous ATAA 
model [270] . The aortic root motion determined a direct impact on the longitudinal 
stress that was found to increase critically in the ascending aorta above the sino- 
tubular junction. This may explain why the intima tears circumferentially and 
aortic dissections occur more often in this orientation. FSI analyses of descending 
dissecting aneurysms were reported by several groups [271-273]. Recently, a FSI 
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Fig. 17 Three-dimensional wall stress distribution for the normal ascending aorta. Stress in 
mega-pascals (MPa) is mapped, with the highest stress in red and lowest stress in blue. The black 
arrows indicate maxima of stress on the (a) convex and (b) concave side of the ascending aorta. 
(From Fig. 3, Nathan et al. [274]) 

analysis of an idealized three-layered descending aorta under turbulent pulsatile 
flow revealed that the media layer exhibited a larger wall stress compared with the 
intimal and adventitial layers, and thus the high stress due to elastic properties 
mismatch in the aortic wall is a risk factor for tearing in aortic dissections [272]. 
The most sophisticated FE model of an ATAA has been presented recently by 
Nathan et al. [274]. For the purpose of understanding the pathogenesis of aortic 
dissection, the authors developed a patient-specific model of an ATAA, though 
their assumptions of homogeneous, incompressible, isotropic, linear elastic prop- 
erties and uniform thickness are limitations of this work (Figs. 17 and 18). Their 
results suggested that peak systolic pressure induces localized high wall stress 
above the sino-tubular junction and at the ostia of the left subclavian artery 
that may account for the development of type A and type B aortic dissection, 
respectively. 



5 Using Aortic Biomechanical Data to Transform 
Clinical Care 



All of the criteria that have been proposed to treat AAA and ATAA are based on 
empirical data with less emphasis on sound physical principles. The current gold 
standard for surgical intervention for a patient is based primarily on the maximum 
orthogonal diameter of the vessel, namely the "maximum diameter criterion", 
which is 5.0-5.5 cm for both TAAs and AAAs. Nevertheless, this criterion can be 
improved as it has resulted in a rupture rate of 1% per year for patients under 
observation [2, 275]. Areas of peak wall stress were found to overlap with sites of 
rupture [39] and locations of deficient extracellular matrix [30, 186]. Efforts to 



100 J. A. PhiUippi et al. 

Fig. 18 Three-dimensional 

wall stress distribution for the 

normal thoracic aorta. Stress 

in mega-pascals (MPa) is 

mapped, with the highest 

stress in red and the lowest 

stress in blue. The black 

arrows indicate maxima of 

stress distal to left subclavian 

and innominate arteries. 

(From Fig. 4, Nathan et al. ^^ % Mises Stress 

[274]) _ _ 

Max = 0,27 




Min = 0.0 



refine surgical recommendations and predict relative risk for rupture in a patient- 
specific manner have included consideration of wall stiffness [37], ILT thickness 
[38], wall tension [8], peak wall stress [22-24] and growth rate [276]. Serum 
biomarkers of elastolysis also offer promising non-invasive methods and correlated 
with disease progression but are not of sufficient predicative value. However, all of 
these approaches have their own limitations, and may lead to errors in decisions 
pertaining to clinical management of aortic aneurysm. 

In this section, we have emphasized the importance of both the wall stress and 
the wall strength and that these physical parameters derived from failure 
mechanics principles may be translated in a novel improved criterion to identify 
those aneurysms that are at highest risk of rupture or dissection. Toward this end, 
the RPI, which is defined as the locally acting wall stress divided by the local wall 
strength, appears to be currently the most promising approach. This model relies 
on the relatively well-established methods for estimating wall strength stress and 
the evolving field on noninvasive techniques for modeling wall stress. 

Despite the great efforts over the past 20-30 years in identifying not only the 
pathology of aneurysm, but also the significant advances in discovering genetic 
causes for several forms of ATAAs and the risk factors for AAA, the current risk 
prediction models are unreliable. Current improvements on this model which 
incorporate wall stress and wall strength are not yet ready for clinical translation, 
and the potential future success of these ideas is dependent on the development of 
novel noninvasive imaging technologies to measure wall strength. One promising 
technique is 4-dimensional MR that has recently been demonstrated to evaluate 
systolic flow patterns in the ascending aorta of aneurysmal patients and healthy 
volunteers [144]. This study shows in dramatic fashion the disrupted flow in BAV 
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Fig. 19 Use of 4-dimensionaI flow magenetic resonance (MR) to cliaracterize blood flow 
velocity in the human ascending aorta, a Smooth trajectory of normal systolic flow in a non- 
aneurysmal patient with tricuspid aortic valve, b Disrupted, turbulent and helical flow in a patient 
with an ascending aortic aneurysm and the abnormal bicuspid aortic valve. (Figure la and 2c, d 
from Hope et al. [144]) 



patients in a nested helical pattern and could be used to not only estimate local 
wall shear stress but also model wall strength (Fig. 19). 

Our understanding of aortic diseases continues to advance as new partnerships 
between surgeons, biologists, engineers and mathematicians are established. The 
future of clinical care for aneurysmal patients lies at the intersection of these fields. 
In summary, the puzzle of how to care for patients with aneurysm will ideally 
incorporate knowledge of the biological pathways inciting matrix degradation, an 
understanding of the biomechanical contributions of the individual molecular 
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entities comprising the matrix, the matrix as a whole and a thorough quantification 
of both wall strength and stress. The missing pieces lie in developing the enabling 
noninvasive technologies to measure wall stress and strain, refinement of the 
mathematical models and establishing links between the clinical manifestations 
and the biological mechanisms inciting them. 
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Computer- Aided Diagnosis of Abdominal 
Aortic Aneurysms 

Barry J. Doyle and Timothy M. McGloughlin 



Abstract Computer-aided diagnosis (CAD) systems have been used in several 
areas of medicine for the last number of years. A typical CAD system interprets 
medical images and provides guidance for the clinician. The concept of CAD in 
the assessment of abdominal aortic aneurysm (AAA) has been around for several 
years, however, the technique is gaining momentum as of late. Computer modeling 
of AAAs is becoming more prevalent with several novel approaches of CAD 
reported over the past number of years. CAD is possible through computer-aided 
detection (CADe) and computer-aided quantification (CADq) techniques that work 
together to return usable quantities aimed at helping identify AAAs that may be at 
risk of rupture. This chapter examines some recent developments within the area 
of CAD for AAAs, in particular the use of peak wall stress, and also asymmetry 
and the finite element analysis rupture index. All three tools provide additional 
data to the clinician through the CAD system and help complement the use of 
maximum diameter in identifying high-risk AAAs. 



1 Background 

Abdominal aortic aneurysms (AAAs) are notoriously asymptomatic and often 
referred to as a "silent killer". Patients frequently present at hospital with 
abdominal and/or back pain, where examination reveals the cause of the pain to be 
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a pulsating mass deep within the abdomen, in other words, an AAA. Ultrasound is 
the preferred method to diagnose AAAs, primarily because the tool is cost 
effective and measurements are reproducible within a range of 6 mm [16]. 
Screening involves the use of ultrasonography to detect AAA and the imple- 
mentation of these programs is becoming increasingly common. It has been rec- 
ommended that people over the age of 60-65 years, in particular men, should be 
screened for AAA, with the recommended age reducing to 50-55 when there is a 
history of aneurysmal disease in the family. AAA screening programs are 
becoming more widespread in the UK with many private institutions providing 
screening. The UK National Health Service (NHS) recently announced that a full 
screening program will be made available throughout the UK, but is unlikely to 
become widely available until 2013 [38]. According to the US Preventative 
Services Task Force [55], the potential benefit of screening for AAA among 
women over the age of 65 is low because of the number of age-related deaths in 
this population. The majority of AAA related deaths occur in women over the age 
of 80, and as there are many competing health risks at this age, any benefit of 
screening would be minimal [55]. 

Currently, the trend in determining the severity of an AAA is to use the 
maximum diameter criterion [4, 22]. Patients with an AAA that has a maximum 
diameter greater than 5-5.5 cm are deemed a high rupture risk and are usually 
recommended for surgical repair [26]. In the case of smaller AAAs where the 
diameter <5 cm, the preferred approach is often careful and frequent observation 
using either ultrasonography or computed tomography (CT). AAA growth rate is 
also used as an additional parameter with AAAs that exceed growth rates of 1 cm/ 
year deemed a high rupture risk. Recent research however, has questioned the 
suitability of surgical repair based on the maximum diameter criterion alone [9, 10, 
13, 18, 19, 25, 27, 41, 46, 57-59]. Although the diameter-criterion can be justified, 
as the rupture risk for an AAA is clearly related to its maximum diameter [3, 18], 
surgical decision-making using solely this parameter may in fact lead to unnec- 
essary AAA repairs and also exclude certain cases (AAA < 5 cm) from surgical 
repair [4, 5, 18, 40]. Nicholls et al. [40] reported that 10-24% of ruptured AAAs 
were less than 5 cm in diameter. Darling et al. [5] also reported that of 473 non- 
repaired AAAs examined from autopsy reports, there were 118 cases of rupture, 
13% of which were less than 5 cm in diameter. They also showed that 60% of the 
AAAs greater than 5 cm (including 54% of those AAAs between 7.1 and 10 cm) 
never experienced rupture. Vorp et al. [62] later concluded from the findings of 
Darling et al. [5] that if the maximum diameter criterion were followed for the 473 
subjects, only 7% (34/473) of cases would have succumbed to rupture prior to 
surgical intervention as the diameter was less than 5 cm, with 25% (116/473) of 
cases possibly undergoing unnecessary surgery since these AAAs may never have 
ruptured. 

Alternative approaches to rupture assessment have been recently reported. The 
majority of these methods involve the numerical analysis of AAAs using the 
common engineering technique of the finite element method (FEM) to determine 
the wall stress distributions. Studies have reported that these stress distributions 
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correlate to the overall geometry of the AAA rather than to the maximum diameter 
[9, 45, 63]. It is also known that wall stress alone does not completely dictate 
failure as an AAA will rupture when the local wall stress exceeds the local wall 
strength. Therefore, rupture risk should consider the patient-specific wall stress 
along with the patient- specific wall strength. A non-invasive method of approxi- 
mating patient-specific wall strength was recently reported by Vande Geest et al. 
[57-59], with more traditional approaches to strength determination via tensile 
testing performed by others [6, 42, 44, 52, 68]. Newly proposed AAA rupture risk 
parameters include: AAA wall stress [18, 19, 60]; AAA expansion rate [23]; 
degree of asymmetry [9]; presence of intraluminal thrombus (ILT)' [65]; a rupture 
potential index (RPI) [57, 58]; a finite element analysis rupture index (FEARI) [10, 
13]; biomechanical factors coupled with computer analysis [25]; growth of ILT 
[50]; geometrical parameters of the AAA [9, 21]; and also a method of deter- 
mining AAA growth and rupture based on mathematical models [61, 66]. Based on 
this recent work by both our group and others, it is believed that improved AAA 
rupture risk parameters are necessary and could have major clinical relevance. 

As computational modeling, and computers in general, become a vital tool for 
clinicians in all aspects of healthcare, the role of CAD systems will become more 
prevalent. This chapter will briefly describe the use of CAD for AAAs and also 
present the preliminary validation of computational modeling for AAA rupture- 
prediction. 



2 Computer-Aided Diagnosis (CAD) 

Computer modeling has become an important tool in the clinical work flow when 
treating several types of disorders as there is significant potential to improve 
diagnosis, optimise clinical treatment by predicting outcomes, and inform the 
design of surgical training practices [39]. This approach is becoming more pre- 
valent in AAA treatment nowadays [11] as clinicians become more aware of the 
ease in which patient-specific modeling can be applied to the disease. CAD can be 
applied to AAAs to identify those aneurysms that are a high rupture risk, and also 
indicate AAAs that may be relatively safe from rupture, thus preventing the trauma 
and cost associated with surgical treatment. CAD can be divided into a sequence of 
Computer-Aided Detection (CADe) and Computer-Aided Quantification (CADq), 
whereby CADe entails the detection, medical imaging and three-dimensional (3D) 
reconstruction of the model, and CADq encompasses some of the recently pro- 
posed parameters that aim to improve the determination of rupture risk. These 
terms have been adapted from their regular use in radiology, in particular, the use 
of CAD systems in mammography [17], to suit the current application of AAAs. 



ILT consists of a fibrin structure incorporated with blood cells, platelets, blood proteins and 
cellular debris, and are found in most AAAs. 
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The impact computers have had on medical imaging over recent years is indis- 
putable, as without computers, imaging modalities such as CT or magnetic reso- 
nance imaging (MRI) would not even exist. However, the interpretation of medical 
images is still a human task and this is set to continue for many years as false 
positives are hard to rule out when relying on computers alone. There is immense 
research, in particular within the area of cancer research, to help reduce false 
positive readings and allow image interpretation to become an automated process. 
Whilst it is unlikely that AAA diagnosis will ever become completely automated, 
the role of computers must not be under-estimated. CADe systems will allow the 
AAA to be properly detected and reconstructed, whereas CADq systems allow an 
estimate of rupture risk to be determined. This process is semi-automated and 
requires significant user input, with some attempting to almost remove the user input 
by designing software to perform the CADe and CADq elements (A4 Clinics^'^, 
VASCOPS GmbH, Austria). The use of finite element analysis (FEA) to predict 
rupture locations in AAAs has recently been validated in vitro [12, 14] with some 
preliminary results of in vivo validation described later on in this chapter. 



3 Computer-Aided Detection (CADe) 

When concerned with AAAs, CADe refers to the imaging of the aneurysm and the 
subsequent 3D reconstruction. Initial examination of a patient suspected of AAA is 
usually performed via ultrasound. Ultrasound can identify AAAs and allow 
maximum diameter measurements, however, if any further examination of the 
disease is required, CT, or in some cases MRI, must be employed. CT capabilities 
vary from institution to institution, with the performance potential of CAD systems 
heavily dependent on the initial image quality. Poor pixel resolution of the scans 
will result in poor image interpretation, poor reconstructions and ultimately, poor 
diagnosis. For the purposes of this chapter, CADe will entail the use of the 
commercially available software Mimics (Materialise NV, Belgium) which has 
been used in several reports in the literature [7-11, 13, 30, 31, 67]. The process of 
reconstruction using Mimics has been reported in-depth previously [8] but in 
essence relies on thresholding and segmentation of the CT image. Thresholding is 
based on the pixel intensity, often measured in Hounsfield Units (HU), and allows 
the user to identify regions of interest, in this case the AAA. Segmenting the AAA 
from the remainder of the image is then possible and can be applied to every scan 
in the series. Mimics employs the marching cubes and marching squares algo- 
rithms [29] to produce a triangle mesh by computing isosurfaces from discrete 
data. From connecting the patches from all the cubes on the isosurface boundary, a 
surface representation can be obtained. This procedure, as shown in Fig. 1, results 
in 3D models of exquisite detail, which can be further refined and smoothed by the 
user if desired. 

The majority of AAAs contain intraluminal thrombus. In computational mod- 
els, this thrombus has been shown to significantly alter the biomechanics of the 
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Fig. 1 Procedure of 3D reconstruction from CT scan, a Typical CT scan of an AAA through the 
maximum diameter region, b Image after thresholding and segmentation of the region of interest 
with the lumen shown in yellow and the intraluminal thrombus (ILT) shown in blue, c Resulting 
3D reconstruction of the AAA 

aneurysm, yet, it has been reported that in vivo pressure transmission through the 
thrombus can vary considerably from patient to patient [56] and may not act as the 
"mechanical buffer" that it is often described as. Regardless of the on-going 
debate over the role of the ILT, from both clinical [47] and engineering [1] 
viewpoints, the structure must be included in numerical models if rupture- 
prediction estimates are desired. In 2001, Wang and colleagues [64] mechanically 
characterised the ILT using 50 specimens harvested from 14 patients. The 
resulting population-mean material model is possibly the most employed 
throughout the literature and is applied to all FEA computations in this chapter. 

Calcifications are also a common feature of AAAs. Calcified deposits primarily 
occur within the intima and intima-media interface, but can also occur within the 
ILT. The role of calcifications in numerical analyses is still somewhat under debate 
and is strongly dependent on the modeling approach. Speelman et al. [49] modeled 
calcifications by assigning modified material properties to regions of the diseased 
AAA wall, whereas Li et al. [28] included the structures as separate entities. More 
recently, Maier et al. [31] examined several different approaches to calcification 
inclusion and concluded that it is doubtful that rupture risk will increase by 
including calcified deposits in numerical models as they can act as load bearing 
structures. Inclusion of calcifications are therefore omitted from the CAD aspects 
of this chapter, but could be easily implemented in future studies should the role of 
these deposits be clarified. 

The cohort included for examination in this present study consists of both 
electively -repaired (n — 42) and ruptured (n = 10) AAA cases, of which the 
general details and AAA characteristics are shown in Table 1. 



4 Computer-Aided Quantification (CADq) 



Computer-Aided Quantification (CADq) can take several forms in the context of 
AAA assessment. The current clinical standard used to quantify AAA rupture- 
threat is to measure the maximum diameter and, if possible the growth rate, of the 
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Table 1 Patient details and AAA characteristics of study cohort (Mean ± SD) 





Repaired 


Ruptured 


P 


n 


42 


10 


- 


Male/female 


34/8 


7/3 


- 


Age 


71.9 ± 6.4 


69.1 ± 6.0 


0.205 


Diameter (mm) 


64.3 ± 12.7 


81.7 ± 12.5 


0.0003 


AAA volume (cm^) 


228.2 ± 119.6 


428.8 ± 120.8 


0.015 


%ILT 


50.9 ± 20.1 


39.5 ± 14.8 


0.057 


Surface area (cm ) 


209.3 ± 73.7 


317.1 ± 101.8 


0.009 


Length (mm) 


HI ± 16 


131 ±25 


0.03 


Diameter/length 


0.58 ± 0.09 


0.63 ± 0.09 


0.138 


ROD" 


2.05 ± 0.45 


2.26 ± 0.53 


0.268 



" Ratio of maximum diameter to proximal neck diameter 

aneurysm. However, as discussed earlier, there is growing concern over tiie use of 
these parameters in all AAA cases. Small AAAs can have similar, if not higher 
wall stress than much larger AAAs, and vice versa. Recent research suggests that 
more than size alone may contribute to rupture risk, however, reports [5] show that 
larger AAAs are more likely to rupture than smaller AAAs and therefore clinicians 
will seldom, if ever, recommend surveillance for large AAAs. Thus, biomechan- 
ical analysis of AAAs may only be applicable for small to medium-sized AAAs. 
Over recent years, several laboratories have aimed at developing more robust 
rupture parameters than size alone. The Law of Laplace relates wall stress and 
diameter in a linear fashion and can estimate the wall stress exhibited on a 
cylinder. However, the Law fails to approximate the wall stress in more complex 
shapes and is therefore not suitable for AAAs. The use of computational tech- 
niques such as the finite element method (FEM) have allowed the wall stresses in 
these complex 3D AAA structures to be estimated and also provides an indication 
of the likely rupture location. For a detailed introduction and background into the 
FEM the reader can is referred to Zienkiewicz et al. [69]. Numerical results 
obtained using the FEM indicate the maximum wall stress in the model and 
usually generate a contour plot showing the distribution of wall stresses in the 
aneurysm. FEM uses the 3D geometry created from the medical images, converts 
the geometry into a series of elements connected with nodes, applies user-defined 
material properties and boundary conditions to the model, and then solves the 
problem to determine the stresses and strains within the structure. This process is 
illustrated in Fig. 2. For the purposes of the numerical analyses presented 
throughout this chapter the ILT was modeled using the material characteristics 
developed by Wang et al. [64] and the diseased AAA wall assigned the material 
model proposed by [41]. All analyses were performed using the commercially 
available finite element code ABAQUS v6.9 (SIMULIA, RL USA). A static 
internal pressure of 120 mmHg (16 kPa) was applied to the luminal surface of all 
models and each AAA was rigidly constrained at the proximal and distal regions to 
represent the tethering to the remainder of the aorta. These are the standard 
boundary conditions used throughout the literature when analysing AAAs using 
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Fig. 2 a Complete 3D reconstruction of the AAA from above the mesenteric arteries to below 
the iliac bifurcation, b For the FE simulations, only the region from below the renal arteries to 
immediately above the iliac bifurcation is examined, c Each 3D reconstruction consists of the 
lumen region and the ILT. An artificial 1.5 mm uniform wall is then created around the ILT. 
d The 3D model is meshed and the appropriate boundary conditions applied, e Resulting von 
Mises stress contours on the model. In this particular case the large volume of ILT (86% of the 
total AAA volume) is shielding the diseased outer AAA wall from the force of the blood pressure 
resulting in very low wall stress in regions of thick ILT. All models are shown from the right 

the FEM. Smoothing is necessary on 3D reconstructions of AAAs and the 
geometries used in the work presented here was smoothed according to a previous 
study [7] whereby all models are smoothed so that unwanted surface artefacts are 
removed without a significant loss in the accuracy of the structure. Other methods 
of smoothing have also been described [35, 36] and the process is currently very 
much user-dependent. There is no defined standard with respect to smoothing of 
AAAs and therefore care must be taken when generating reconstructions, with 
results analysed under several different levels of smoothing to assess the direct 
influence on 3D models. 

CADq techniques using the FEM have allowed several novel approaches to AAA 
assessment to be proposed. Peak wall stress, the FEARI and asymmetry, and the 
severity parameter (SP) [25] have all been recently suggested as possible indicators 
of rupture risk. This chapter, however, will further describe the use of peak wall 
stress, FEARI and asymmetry within the context of AAA rupture-prediction. 



4.1 Peak Wall Stress 



Since the FEM was first applied to the problem of AAA in the late 1980' s by 
Stringfellow et al. [51] the method has become the primary tool used to predict the 
stress exerted on the diseased AAA wall. In this first study [51] the aneurysm 
geometry was idealised as either 2D cylindrical or spherical. However, this 
work paved the way for others to investigate AAA disease using the FEM. 
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In the early 1990's, several others performed wall stress estimations using the 
FEM [15, 24, 37], again using idealised 2D geometries. These early studies were 
far from close approximations of the realistic wall stress experienced in vivo, yet 
they did introduce some important and still debatable topics that may influence 
wall stress. ILT was first included in numerical analyses by Inzoli et al. [24] in 
which they concluded that not only does wall stress increase with diameter (as it 
certainly does when employing idealised geometries) but also that the presence of 
ILT may significantly reduce wall stress, by up to 30% in their study. The 
inclusion of ILT into numerical analyses is routine nowadays as it is generally 
accepted that it does influence wall stress and is certainly important. On the other 
hand, however, some clinical studies [47, 56] have indicated that the ILT may not 
be as protective as generally believed. 

One of the first reports to couple FE analyses together with patient-specific AAA 
3D reconstructions was performed by Raghavan et al. [43] where, six AAA cases 
and one healthy control were examined, with very positive results. Fillinger et al. 
[18, 19] then furthered this work to show that peak wall stress may be superior to 
diameter in assessing rupture risk of patient-specific AAAs. These studies used 
large cohorts (n = 48 and n — 103, respectively) to determine statistical signifi- 
cance of results and concluded that not only is peak wall stress significantly higher 
in those cases that ruptured [18], but that peak wall stress seems superior to 
diameter in differentiating patients under observation who will experience cata- 
strophic outcome [19]. Venkatasubramaniam et al. [60] concluded similar results in 
a smaller study group (n — 27). Peak wall stress appears to be an effective method 
of differentiating small AAAs that may be at risk of rupture also. Truijers et al. [54] 
reported that in a cohort of thirty small AAAs (diameter < 55 mm) that peak wall 
stress was significantly higher in ruptured cases compared to the repaired group. 

Peak wall stress in the cohort examined for this chapter, showed that peak wall 
stress was on average (± standard deviation) 56% significantly higher in the 
ruptured cases compared to the repaired group (0.89 ± 0.35 vs. 0.57 ± 0.23 MPa, 
P — 0.018), as shown in Fig. 3. 

Peak wall stress appears to be repeatedly higher in ruptured AAAs compared to 
similarly-sized repaired AAAs and may be a very useful tool in helping with the 
decision-making process. However, to comprehensively determine the risk of 
rupture, one must account for the strength of the AAA wall also. Areas of high 
wall stress may be relatively safe from rupture due to the strength of the wall at 
that location, with wall strength known to vary significantly from region to region 
[44, 52]. Therefore, biomechanics-based rupture parameters have also been sug- 
gested, that may be even more superior than peak wall stress alone. 



4.2 FEARI 

The FEARI uses a ratio of wall stress to strength to assess the rupture threat. Wall 
stress can be easily estimated using the FEM, however, in vivo wall strength is 
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Fig. 3 Box and whisker plot 
of the peak wall stress results 
for the electively-repaired 
and ruptured cohort. The box 
plot represents the median, 
25th and 75th percentiles 
with the whiskers 
representing the maximum 
and minimum values 
observed 
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significantly more difiicult to obtain. There have been several reports published 
whereby the mechanical behaviour of AAA tissue has been presented [6, 42, 44, 
52, 59]. By compiling the results from three large studies [42, 44, 52] and further 
analysing the location-dependent ultimate tensile strength (UTS), strength values 
based on a cohort of 69 patients and 149 tissue samples could be developed for 
each of the key regions. This wall strength is then used in conjunction with the 
peak wall stress measurement to assess the likelihood of rupture. 

The FEARI method [10, 13] was applied to the study group of this chapter. 3D 
reconstructions were performed as before and wall stress computations determined 
using ABAQUS v6.9. All models were constrained proximally and distally to 
represent tethering to the remainder of the aorta, and a static uniform pressure 
loading of 120 mmHg was applied to the luminal surface. This standardised 
internal blood pressure allows the effect of geometry to be examined, as the 
variability of patient- specific blood pressure would add another uncertainty to the 
model. All models included the ILT and a uniform wall thickness of 1.5 mm. 
Fig. 4 illustrates the methodology behind the FEARI. Once the location of peak 
wall stress is determined, the stress is related to wall strength at that location. 
FEARI provides a rupture risk based on the ratio of stress to strength, with values 
larger than 1 indicating failure. 

The results of the FEARI assessment (Fig. 5) indicate that the ruptured AAA 
cohort had a higher mean FEARI than the repaired group (1.03 ± 0.42 vs. 
0.65 ± 0.3, P — 0.019). Maximum diameters were also 26% higher in the rup- 
tured group (81.7 ± 12.5 vs. 64.7 ± 12.3 mm, P = 0.0003). The relationships 
between FEARI and maximum diameter in both the repaired and ruptured cohorts 
are insignificant (repaired, P — 0.072 and ruptured, P — 0.174). FEARI is pos- 
sible through the mechanical testing of excised tissue in order to average popu- 
lation-mean UTS values for each of the primary locations in the AAA. The work to 
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A: Anterior 

P: Posterior 

L: Left 

R: Right 

A/L: Anterior/Left 

A/R: Anterior/Right 

P/L; Posterior/Left 

P/R: Posterior/ Right 



Fig. 4 FEARl methodology, a Peak wall stress quantity and location is determined using the 
FEM. b The location of peak wall stress corresponds to a distinct region, which in turn is assigned 
a wall strength value. FEARI then divides the peak wall strength by the wall strength at the 
location of peak stress to return a rupture index 



Fig. 5 FEARI results for the 
repaired and ruptured groups. 
The box plot represents the 
median, 25* and 75* 
percentiles with the whiskers 
representing the maximum 
and minimum values 
observed 
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date using the FEARI model is based on the previous tests of others and therefore 
the approach can be improved. A large multi-centre study involved in the excision 
and testing of tissue would help strengthen the FEARI wall strength data, thus 
strengthening the applicability of the tool. 

It is also possible to statistically estimate patient-specific wall strength thanks to 
the work of Vande Geest et al. [58]. This approach allows a point-wise wall 
strength estimation which can be coupled with the point-wise wall stress estima- 
tions from numerical analyses to create the RPI as discussed in Chap. 3. 
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Fig. 6 Comparison of the centrelines generated from the lumen geometry (a) and the complete 
AAA volume, including ILT (b), and the visual difference in both centrelines (c) 



4.3 Asymmetry 

In 2009, a method of measuring asymmetry in the anterior-posterior plane of 
AAAs was reported [9] with this asymmetry correlated to both peak and posterior 
wall stress. This previous publication had some significant limitations, however, 
and work has continued since to address these shortcomings. Firstly, anterior- 
posterior asymmetry is essentially 2D and although the majority of AAAs 
naturally bulge outward in this direction due to the constraint of the spine, this 
measurement excludes certain AAAs. A new method of measurement has been 
recently developed by the authors whereby the asymmetry is measured in 3D 
therefore, all AAAs can be investigated. Another major limitation of this earlier 
report was the omission of the ILT. For any meaningful numerical analyses, ILT 
must be incorporated into the model. In the latest work, the ILT is modeled using 
the material model of Wang et al. [64] as mentioned previously. Within the finite 
element analysis, the use of shell elements have been replaced with 3D solid stress 
elements which are deemed a more accurate modeling approach compared to shell 
elements [7, 34], in particular when analysing these complex 3D simulations. 

Therefore, for this aspect of the CADq, the 3D asymmetry of the study group 
used throughout this chapter was measured. When determining the asymmetry for 
AAA models in the presence of ILT, two centrelines are generated, one for the 
lumen and one for the luminal surface of AAA wall (Fig. 6). The method of 
measurement of 3D asymmetry remains similar to that of 2D asymmetry, in that 
the centreline is connected with an axis and the asymmetry defined as the distance 
from this axis to the centreline. However, as AAA centrelines are tortuous and 
travel through three dimensions, the distance from the centreline is now measured 
in three dimensions also. This updated measurement technique can be seen in 
Fig. 7. A further refinement to the tool can be made by smoothing the centrelines 
generated within the reconstruction software, as slight changes in geometry can 
result in large changes in the centreline. 
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Distance (mm) 



Fig. 7 Process of determining 3D asymmetry, a Polylines and centrelines are generated from the 
3D reconstruction and b then plotted in 3D using our custom-built program. The program then 
automatically c isolates the centreline and d connects the ends of the centreline. The distance 
from this connecting axis to the centreline is then measured through three dimensions before e the 
program then automatically graphs the asymmetry along the length of the AAA 



The CADq asymmetry results (Fig. 8) observed in this study show that the 
mean lumen asymmetry is 33% higher for the ruptured group, yet the difference 
was not significant (P — 0.1). The AAA wall asymmetry was only 3% higher in 
the ruptured group. By correlating the maximum wall stress to both the maximum 
diameter and the lumen asymmetry, it was noted that the lumen asymmetry is more 
significantly correlated to maximum wall stress for the repaired (P — 0.002) and 
ruptured (P — 0.033) groups compared to diameter for the same groups (repaired, 
P = 0.032; ruptured, P = 0.174). 

Asymmetry as a CADq tool can be used as an additional technique to identify 
high-risk AAAs where diameter may fail. By comparing similarly-sized AAAs 
from the repaired and ruptured groups, it was seen that asymmetry may be useful 
alongside diameter. The AAAs compared in Fig. 9a were both large 1 1 cm AAAs, 
where one had ruptured and one was electively-repaired. The diameters of both 
AAAs were comparable but the resulting peak wall stress of the ruptured aneurysm 
was 157% higher than the repaired case (1.13 vs. 0.44 MPa) and the maximum 
measured lumen asymmetry was 125% higher in the ruptured AAA (45 vs. 
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Fig. 8 Asymmetry results for both the lumen centrelines and the AAA wall centrelines for the 
repaired and ruptured groups. The box plot represents the median, 25th and 75th percentiles with 
the whiskers representing the maximum and minimum values observed 



20 mm). The use of asymmetry also applies in some smaller AAAs. In the two 
aneurysms shown in Fig. 9b, both of which are 6.5 cm in maximum transverse 
diameter, the results show that the peak wall stress is 1 84% higher in the ruptured 
case (1.39 vs. 0.49 MPa) and the maximum lumen asymmetry is 157% higher in 
the ruptured case (18 vs. 7 mm). However, care should be taken when interpreting 
these preliminary results. The results presented in Fig. 8 show there can be a large 
distribution in asymmetry results and the measurement is not necessarily higher in 
ruptured cases. Increasing the numbers of cases examined may help reduce the 
distribution of results as there are only 10 patients in the ruptured cohort and only 
42 in the repaired group. 



5 Validation of CAD 



Validation of numerical tools in the context of AAA rupture-prediction is difficult 
to achieve [33], with the benefits and challenges of patient-specific risk assessment 
well documented [2]. In vitro validation of numerical modeling was recently 
performed [14] where patient-specific silicone rubber AAA models were manu- 
factured and then ruptured. High-speed photography was used to capture the event 
of rupture, with FEA used to validate the rupture locations. Excellent agreement in 
the experimental and computational results was observed with FEA accurately 
predicting the location of rupture in 90% of the models examined. The 10% that 
did not correlate were found to contain flaws within the wall as a result of the 
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Fig. 9 a Comparison of an 11 cm repaired AAA and an 1 1 cm ruptured case. Measured lumen 
asymmetry for both cases is presented on the right. Both peak wall stress (1.13 vs. 0.44 MPa) and 
lumen asymmetry (45 vs. 20 mm) were higher in the ruptured case, whereas diameter did not 
differentiate, b Comparison of a 6.5 cm repaired AAA and a 6.5 cm ruptured case. Measured 
lumen asymmetry for both cases is presented on the right. Both peak wall stress (1.39 vs. 
0.49 MPa) and lumen asymmetry (18 vs. 7 mm) were again higher in the ruptured case, with 
diameter identifying them both as high-risk (diameters >5.5 cm). Models are not shown to scale 



manufacturing process, thus altering the burst site. In vivo validation however, is 
significantly more challenging. 

However, recently a 73 year old male presented himself to a local vascular 
outpatients department with intermittent claudication. The clinician examined 
the patient with ultrasound and observed a 7.5 cm AAA (Fig. 10a). CT imaging 
was subsequently performed (Fig. 10b) and endovascular aneurysm repair 
(EVAR) planned. Exactly one week after CT imaging, the patient collapsed at 
a pre-operative assessment clinic complaining of acute abdominal pain and 
nausea. The patient was transferred to the HSE Midwestern Regional Hospital, 
Limerick and was hypotensive (80/40 mmHg) on arrival. The clinicians 
immediately performed a laparotomy and open surgical repair of the leaking 
infrarenal AAA. During the procedure the clinicians sketched (Fig. 11a) and 
later recorded the location of rupture on the CT image (Fig. 1 lb). The patient 
fully recovered from the operation and was discharged nine days later with no 
complications. 

The CT dataset of this case was imported into Mimics and analysed by the 
author using the techniques outlined throughout this chapter. The model was 
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Fig. 10 a Ultrasound image showing the patient's 7.5 cm AAA and b CT image showing the 
infrarenal AAA from the anterior view 
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Fig. 11 Comparison of clinical rupture locations with the FEA-predicted location of peak wall 
stress, a Intraoperative sketch of AAA rupture site, b Clinicians then recorded the rupture site on 
the CT image, c Resulting FEA-predicted wall stress distribution (Peak wall stress = 0.719 MPa) 



examined with finite element analysis using a uniform wall thickness of 1.5 mm 
and the standard AAA wall [41] and ILT [64] material properties. The exact 
location of rupture was withheld from the author to ensure there was no bias in the 
modeling approach. Wall stress results (Fig. lie) showed that the AAA 
experienced high wall stress (~0.7 MPa) located at the anterior-right proximal 
inflection region of the AAA sac. An excellent correlation was observed when the 
location of FEA-predicted peak stress was compared with the actual rupture site 
(Fig. 11). According to our FEARl model this particular case presented an 85% 
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chance of rupture (FEARI = 0.85) based on a peak wall stress of 0.719 MPa 
located at the anterior-right region (wall strength = 0.847 MPa). 



6 Conclusion 

Numerical modeling of AAAs is becoming more prevalent with several labo- 
ratories working towards improving AAA risk-prediction. To date, these efforts 
remain essentially un-validated and the brief description of the validation 
procedure presented here is one of the few reports of correlation between 
numerical and clinical rupture sites [54]. However, regardless of the efforts 
underway and the regular improvements in numerical modeling, possibly the 
biggest barrier to CAD becoming a clinical tool is the difficulty in translating 
the approach to the clinic. Neal and Kerckhoffs [39] recently reported on the 
current progress of patient-specific modeling, concluding that the incorporation 
of patient-specific modeling into the workflow of the clinician will require, 
among other things, regulatory approval by the relevant bodies, for example, 
the Food and Drug Administration (FDA). The techniques presented in this 
chapter are relatively easy to translate to the clinic as results of peak wall 
stress, FEARI and asymmetry can be obtained within approximately 3 h of CT 
imaging and therefore these tools would not detract from the treatment course 
of the patient. Wall stress has been repeatedly shown to be higher in symp- 
tomatic/ruptured AAAs compared to electively-repaired cases [13, 18-20, 30, 
54, 60] and the results reported here agree with these previous studies. How- 
ever, further refinement of CAD, in particular CADe of the AAA wall is vital 
if patient-specific analysis is desired. The aortic wall thickness remains elusive 
from current CT and MR imaging. A method of detecting the wall thickness 
was reported by Martufi et al. [32] however the technique is yet to be fully 
adopted within the numerical models of others. Assuming a uniform wall 
thickness in numerical models may be a gross assumption as it is known that 
the wall thickness influences the wall stress [48, 53, 60], yet in the CAD 
validation presented in Sect. 5 and in the work of Truijers et al. [54], a uniform 
wall thickness was employed and the location of rupture was still predicted. 
A similar finding was observed in studies on an idealised AAA model [12] 
where the wall thickness was varied according to the measured wall thickness 
in a silicone idealised AAA analogue. Although wall thickness does alter the 
numerical quantities of wall stress, it may not significantly influence the stress 
patterns to the same extent. In this previous report the overall trend in wall 
stress distribution remained similar regardless of wall thickness, that is, wall 
stress was higher at the proximal and distal inflection regions than that found in 
the area of maximum diameter. 

It is understood that it may be unlikely these tools will ever directly 
replace the use of maximum diameter as clinicians will always feel that large 
AAAs represent a rupture-threat and should be repaired. It is the small to 
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medium-sized AAAs however, that could be examined using these alternative 
diagnostic tools, and someday may prove to be a useful adjunct to maximum 
diameter. 
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Mechanical Properties of AAA Tissue 

Madhavan L. Raghavan and Erasmo Simao da Silva 



Abstract Aneurysms of the infrarenal abdominal aorta involve 100-800% growth 
of the aortic tissue. While the precise pathogenesis of AAA is poorly understood, it 
should be expected that this change to the structure of the aortic wall will sig- 
nificantly impact its mechanical behavior. It is only reasonable to postulate that a 
better understanding of the mechanical behavior of AAA tissue will aid in our 
understanding of its causes and assessing its severity. Even for developing ways to 
treat it — currently done with implants deployed surgically or endovascularly — 
understanding the mechanical properties of the AAA wall will enhance our ability 
to design implants that can stay in place and/or protect the aneurysm wall from 
blood pressure. This chapter will review the state of literature on the mechanical 
properties of AAA tissue, the challenges faced, recent advances and future 
directions. 



1 Introduction 

Aneurysms are most commonly found in the infrarenal abdominal aorta — 
abdominal aortic aneurysm (AAA) — where the wall undergoes growths of 
100-800%. While the precise pathogenesis of AAA is poorly understood, it should 
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be expected that this change to the structure of the aortic wall will significantly 
impact its mechanical behavior. This chapter will review the state of literature on 
the mechanical properties of AAA tissue, the challenges faced, recent advances 
and future directions. 

In order to understand the biomechanical issues in the etiology and treatment of 
abdominal aortic aneurysms, it is important to understand the structure of the 
aortic wall. The aortic wall is composed of three layers: intima, media and 
adventitia. The biomechanical properties of the tissue are predominated by the 
structure of the media and adventitia and these are affected by natural issues such 
as aging and gender, or pathologic process such as, smoking, hypertension, 
atherosclerosis or aneurysms and dissections. The aortic media contains elastin, 
collagen, smooth muscle cells and non-fibrous matrix. Light and electron 
microscopic studies indicate that the structural components in the media are 
arranged in an orderly fashion. Concentric fibrillar elastin lamellae are connected 
by intricate network of elastin fibrils with interspersed collagen fibers and smooth 
muscle cells [1]. Elastin and collagen — connective tissue elements — found in the 
arterial media and adventitia, provide passive stiffness and strength to the aortic 
wall. Different studies have shown that this structural arrangement is very complex 
and varies according to the aortic segment (thoracic or abdominal) [2]. Several 
hypotheses have been postulated to explain the predilection of aneurysms to the 
infrarenal aorta, including flow characteristics, anatomic features of the media 
lamella, and mural ischemia. Although this localization suggests a focal process, 
abdominal aortic aneurysms are associated with generalized dilation and elonga- 
tion of other major arteries at remote sites such popliteal arteries. It is conceivable 
therefore that even the non-dilated segment (aneurysm neck) is similarly affected 
[3-6]. In abdominal aortic aneurysm pathogenesis, the structural alterations of 
aortic wall leading to progressive dilatation and eventual ruptures are thought to be 
the degradation of matrix proteins, decrease of smooth muscle cells, inflammatory 
infiltration and neovascularization [7]. The striking feature among these is elastin 
degradation and excessive collagen deposition resulting in likely large changes in 
their mechanical properties. Two issues are worth noting. First, these modifications 
to aortic tissue need not be homogeneous within an aneurysm. Indeed, it can be 
quite heterogeneous and account for a large variability in wall thickness and 
mechanical properties. Second, pathological processes may be occurring in 
undilated regions. The information provided in this chapter should be understood 
within that context. 

The AAA is made up of many entities, some of which are known to be spe- 
cifically relevant in the mechanical sense — these are the aneurysmal aortic tissue 
itself, the large amounts of thrombus seen inside the AAA, and regionally local- 
ized entities such as the calcifications on/of the wall tissue and non-calcified 
atherosclerotic plaque lining the wall (see Fig. 1). This chapter will focus on the 
AAA wall itself rather than calcified tissue or intraluminal thrombus (see impor- 
tant review by Vorp [8] and Vorp and Vande Geest [9] for a discussion of these 
properties). 
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Fig. 1 Distinct structural 
components in the AAA wall 
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1.1 Clinical Significance of Understanding Mechanical 
Properties of AAA 

Three questions are of clinical importance in AAA — what are the causes leading 
up to aneurysm development, how to diagnose its severity to assess its risk of 
rupture and how to treat it. Irrespective of events leading up to it, rupture itself is a 
mechanical event — the failure of the aortic wall tissue. It is therefore only rea- 
sonable to postulate that a better understanding of the mechanical behavior of the 
AAA tissue will aid in our understanding of its causes and assessing its severity. 
Even for developing ways to treat it — currently done with implants deployed 
surgically or endovascularly — understanding the mechanical properties of the 
AAA wall will enhance our ability to design implants that can stay in place and/or 
protect the aneurysm wall from blood pressure. Gaining an understanding of the 
mechanical properties of the AAA tissue therefore, is of clinical significance. 



1.2 Approaches Used in Inferring Mechanical 
Properties of AAA 



Mechanical properties of solid entities capture the relationship between forces and 
constraints on these entities and their resulting motion. Gaining a clear under- 
standing of this relationship, especially for biological entities involves many 
complexities that do not necessarily present themselves in the field of classical 
engineering mechanics mainly because of limitations posed by the unique bio- 
logical environment. For a synthetic material, the classical approach would be to 
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Start with specimens of the solid entities and subject them to controlled loads while 
measuring the resulting motion (load-controlled tests) or vice versa (motion- 
controlled tests). But because biological entities are part of a larger living system 
that is complex and poorly understood, isolating them for testing may introduce as- 
yet unknown changes to their behavior affecting the results of such tests. On the 
other hand, one may reason that within the biological environment itself, such 
mechanical tests are being conducted in vivo and one could leverage these 'tests' 
to extract the mechanical properties. That is, in vivo, the entity may be subject to 
forces and constraints and therefore undergo deformation in its natural physio- 
logical environment (for example, the aorta is undergoing motion because of 
pulsating blood pressure), which may themselves be the 'experimental' data 
required to estimate their properties. But in this latter paradigm, the challenges are 
in our ability to accurately determine the true force and the displacement distri- 
bution in the biological entity, not to mention, ascertaining its stress-free config- 
uration. The use of animal models, where perhaps control and measurability are 
greater, is an alternative, but remains a poor one for disease-affected tissues mainly 
because of legitimate questions on the reliability of such animal models to be 
surrogates of human disease states, especially when it comes to mechanical 
properties of the diseased entities. Therefore, on studying mechanical properties of 
biological entities, there is no one entirely reliable approach, but rather, different 
approaches that offer advantages and disadvantages. In the case of ascertaining 
mechanical properties of AAA, studies have used all the above approaches — 
ex vivo/in vitro testing and in vivo 'tests'. The following sections will discuss 
many of these approaches and reported results in the literature. 



1.3 Quantities Used in Inferring Mechanical Properties of AAA 

The relationship between force and motion in AAA tissue may be characterized by 
multiple measures that capture different aspects of that relationship with multiple 
mathematical definitions for a given measure, reflective of the general lack of 
consensus on this topic. 



2 In Vivo Distensibility of AAA 

Measures of the motion of the wall under pulsatile blood pressure provide a first 
look at its in vivo behavior. These measures usually capture the relationship 
between the pressure pulse and resulting change in size. There are many mathe- 
matical definitions of distensibility however, because of differences in definition of 
'size', whether or not size change is normalized and if/how the definition is rec- 
onciled with the notion of elastic modulus. In 1992, Lanne et al. [10] quantified 
in vivo distensibility of the AAA wall using the pressure-strain elastic modulus 
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(Ep) and what they termed, the stiffness parameter (fl) based on the following 
definitions: 

Ep = DdX (P,-Pd)/(D, -Dd) (1) 

;S = Dd X Ln (P,s/Pd)/(D, - Dd) (2) 

where, D is diameter, P is pressure and the subscripts, s and d refer to systolic 
and diastolic time points — which were typically assumed to be maximum and 
minimum values respectively. By these definitions, both Ep and /f would drop with 
rising distensibility of the AAA wall. They used ultrasound phase-locked 
echo-tracking system and reported that Zip was higher on average and more widely 
dispersed in aneurysmal abdominal aorta (A^ — 37) compared to the non- 
aneurysmal aorta group (A^ = 76). In 1992 as well, MacSweeney et al. [11] also 
reported that Zip was higher in aneurysmal abdominal aorta compared to controls. 
In 1996, Vorp et al. [12] performed ultrasound imaging of nine AAA subjects to 
study the wall distensibility, which they quantified using compliance defined as, 

^ t^-^max -^min J / [-^max l,^max ^minjj V-^J 

where, A is cross sectional area measured from ultrasound image, P is blood 
pressure, with subscripts, max and min referring to the maximum and minimum 
values. In addition to the compliance of the AAA wall, they also calculated the 
compliance of the lumen (recollect from Fig. 1 that the wall and the lumen are not 
the same owing to presence of large amounts of thrombus). They reported that the 
compliance of the wall was roughly half that of the lumen. They further noted that 
the thrombus cross sectional area was nearly constant during the cardiac cycle 
indicating its incompressible nature. In 1999, Wilson et al. [13] evaluated Ep and /f 
in 60 AAA subjects who were also followed untreated for a median 21 months. 
They noted that while Zip (not /?) correlated with mean arterial pressure, neither Zip 
nor P correlated with growth rate. While these previous studies used ultrasound 
imaging. Long et al. [14, 15] employed tissue Doppler imaging of 56 AAA 
patients and evaluated numerous measures of wall distensibility — essentially, 
variants of one or more of the above-defined. Zip, /? or C. They report that seg- 
mental compliance (which is essentially, C without normalizing to Dj) correlated 
to AAA size, while Zip and fi did not. More recently, Ganten et al. [16] used Time- 
resolved ECG-gated CT imaging data from 67 patients to calculate what they 
termed, distensibility, but identical in definition to compliance C reported by Vorp 
et al. [12] They found that the compliance of AAA did not differ between small 
(<5 cm; A^ — 44) and large (>5 cm; A' = 23) lesions. 

The above studies represent the evolution of reports on the topic of in vivo 
AAA distensibility. They provide valuable information on the in vivo motion of 
the AAA. There are some limitations to these measures and measurement tech- 
niques. For one, they provide what may be thought of as extrinsic information on 
the AAA behavior, not necessarily intrinsic properties of the AAA wall tissue. 
This is because, the motion of the wall due to pressure is affected not just by the 
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caliber of the wall tissue, but also by size and other boundary conditions that are 
not yet fully understood. In other words, distensibility represents a lumped mea- 
sure of the AAA, rather than specific to AAA tissue. Further, their definitions and 
physical meanings are unclear and varying leading to confusion in the field. For 
example, the physical distinction between Ep and jS pose difficulties in explaining 
findings where one is different between two groups but not the other [13]. How- 
ever, it is worth noting that in vivo distensibility measures do have some key 
merits in their favor. For one, the fact that it is in vivo data implies that the AAA 
structure is being studied undisturbed (i.e., it is not isolated from its surrounding 
environment). Consequently, there is high fidelity in the conditions under which 
measurements were made. Further, in many cases, a lumped extrinsic measure is 
precisely what is needed for practical interpretations. For these reasons, the above 
studies continue to be valuable in our understandings of AAA wall mechanical 
properties. Perhaps, there is a need to standardize the definition of distensibility in 
order to develop a consistent and physically meaningful definition for this 
important measure, so result from different reports may be compared and utilized 
in the clinical setting and for further research. 



3 Ex Vivo Elastic Properties of AAA Tissue 

Unlike in vivo estimations, ex vivo testing of harvested AAA tissue samples may 
be performed under controlled displacement and force conditions allowing for the 
ability to characterize intrinsic properties of the tissue itself rather than having to 
settle for a measure that lumps tissue caliber with other aspects. Such control 
permits the estimations of more precise measures of mechanical properties with 
independent physical meanings. Some of these mechanical properties include 
measures of stiffness, failure stress and strain. 



3.1 Uniaxial Tests 

Uniaxial extension testing is the simplest and most common of ex vivo elastic 
property testing methods. Here, a rectangular, planar sample is subjected to 
extension along its length at a constant displacement rate in a tester while the force 
is recorded during extension. Typically, these tests are conducted until failure of 
the specimen. From the resulting force-extension data, some elastic properties may 
be inferred. 

Sumner et al. [17] and Drangova et al. [18] were the first known to have 
reported on ex vivo tests of human AAA harvested from cadavers. They reported 
that stiffness estimates based on pressure-inflation tests were found to be greater in 
aneurysmal aorta compared to non-aneurysmal aorta. They explained this as being 
due to reduced elastin and increased collagen content. He and Roach [19] obtained 
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rectangular specimen strips during surgical resection of eight AAA patients and 
subjected them to uniaxial extension tests up to a pre-defined maximum load rather 
than until failure. The recorded force-extension data was converted to stress-strain 
data assuming incompressibility. They showed that the stress-strain behavior of 
AAA tissue was non-linear, as is often the case with biological soft tissues. They 
then fit their stress-strain data to the exponential functional form, 

a= ae'"= (4) 

where, a is stress, s is strain and a and b are material parameters. Later, in two 
reports, Vorp et al. and Raghavan et al. [20, 21] reported on uniaxial extension 
testing of AAA specimen strips harvested from the anterior midsection of AAA 
during surgical resection in 69 patients. The specimens were extended until failure. 
In most cases, the rectangular specimens' length was in the axial orientation, but in 
a small population, they were oriented circumferentially. They reported a novel 
mathematical model to estimate physically meaningful measures such as stiffness. 
The data was fit to a modified form of Michaelis-Menton model: 

e= [K + A/(B + ff)]<T (5) 

where, K, A and B are material parameters. The model is based on the premise that 
the non-linearity of the stress-strain curve is a result of collagen recruitment into 
load bearing, a phenomenon proposed by Roach and Burton in 1957 [22]. The 
elastic (pre-yield) portion of the stress-strain curve was thought to transition 
through three phases: 

• Phase 1 : an initial low-strain phase where load is borne only by the taut elastin 
fibers. This will result in a linear stress-strain curve whose slope maybe thought 
of the stiffness of elastin in the tissue (£e); 

• Phase 2: an intermediate phase at medium strains when a gradually increasing 
number of collagen fibers that were previously tortuous start to straighten out 
and contribute to load bearing. This will cause a gradual increase in the slope of 
the stress-strain curve and hence its apparent non-linearity; 

• Phase 3: a final phase at strains approaching the yield point (phase 3), when all 
collagen fibers have been recruited into load bearing. With increasing strain, the 
slope will remain constant and a linear stress-strain curve results. The slope of 
the stress-strain curve in this phase will be indicative of the combined stiffness 
of elastin and collagen in the tissue {E-^ + Eq). 

They ignored the contribution to stiffness from other structural components 
such as smooth muscle cells (the aorta is an elastic artery) and ground substance as 
being negligible. They then derived a relationship between the parameters of the 
model and E-^ and Eq by exploiting the functional form of their model. 

For phase 1, as ff^O, (B -|- it) k, B and from Eq. 5: 

A 
B 



^W^=[K + -]cJ (6) 
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Inverting to the more typical stress as a function of strain, 

^lphasel = (^^£ (7) 

Hence, Eq. 5 reduces to a linear relationship between a and s in phase 1. Since 
E-g^ is the slope of the stress strain curve at low strains, we note from Eq. 7 that 



da 

Ee= — 

de 



1 



.^0 {K + % 



(8) 



Let us assume a priori that B ^ cTy during phase 3, so that (B + cr) % cr and 

Av^....i= Ka + A (9) 

or 



^w^,= \^^y--^ (10) 

Again the model reduces to a linear relationship between a and £ in phase 3, 
where it has been postulated to be so. Since the constant slope in phase 3 is defined 
as E-g+Ec, we note from Eq. 10 that 



da 
ds. 



- (11) 



The contribution to tissue stiffness by the fully recruited collagen fibers can be 
found by subtracting Eq. 8 from Eq. 1 1 : 



1 1 



K K + ^ K{A + KB) 



(12) 



Further, a direct physical meaning for the model parameter A may be ascribed 
by simply noting that it is the strain intercept for the linear fit to phase 3 (see 
Eq. 9). Higher A is thus indicative of a highly extensible tissue and therefore a 
measure of the strain required for complete collagen recruitment into load bearing. 
Additional details on this model may be found in the publication. 

Thus, from model parameters, K, A and B, they were able to infer three inde- 
pendent physical meanings, namely, the stiffness contribution from elastin (£e). 
stiffness contribution from collagen (Eq), and strain needed for complete collagen 
recruitment (the model parameter A, itself). They report that E^ and Eq were not 
significantly different between longitudinally oriented AAA specimens (A^ = 45) and 
longitudinally oriented normal aortic specimens (A^ = 7) that were harvested from 
healthy organ donors. The recruitment parameter A, however, was significantly lower 
(half) for aneurysmal versus control specimens indicating that collagen fibers get 
recruited at lower strains into load bearing in aneurysms which may be causing them 
to behave stiffer. It is in failure properties that they noted large differences between 
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normal and aneurysmal tissue with both the yield stress (stress at which the slope of 
stress-strain curve starts to drops) and ultimate stress (maximum stress in the stress- 
strain curve) being significantly lower than controls. One limitation of the study was 
that the control group population was significantly younger than the AAA group (47 
vs. 69 years). They note that the differences in failure properties held up even when 
they employed an age-correction equation for failure strength borrowed from another 
report [23]. Subsequently, this group used the stress-strain data to fit it to a more 
robust finite strain constitutive model and estimated its material parameters [24] . The 
strain energy density function was defined as, 

W = a(I, - 3) + i?(Ic - 3)^ (13) 

where, a and /? are the material parameters. For their study population, a and P 
were found to be 17.4 ± 1.5 and 188.1 ± 37.2 N/cm^ (mean ± SEM). Details on 
the model and results may be found in their report [24]. 



3.2 Tissue Properties and Matrix Metalloproteinases 

Later, Vallabhaneni et al. [25] performed uniaxial extension tests on 124 strips of 
AAA tissue excised from 24 patients and 60 normal abdominal aortic tissue strips 
from 6 organ donors. The aneurysm specimens were elliptical sections from the 
anterior portion of the AAA excised during surgical resection. Remarkably, unlike 
previous studies, they obtained an average of 6 rectangular test strips per AAA. 
They also biopsied small strips from these specimens and assayed for MMP-2 and 
MMP-9. The estimated mechanical property measures were elastic modulus, 
ultimate strength, ultimate strain (strain corresponding to ultimate stress), MMP-2 
and MMP-9 levels. Given the non-linearity of the stress-strain curve, the elastic 
modulus was calculated as the slope at physiological stress. It was unclear from 
their report how they ascertained physiological stress in the aortic wall of each of 
their subjects. They noted that none of these parameters were statistically signif- 
icant in the differences between aneurysmal and non-aneurysmal specimens 
mainly because of significant intra-subject variations rather than even inter-subject 
variations. They further note that there was little correlation between MMP levels 
and mechanical properties. 



3.3 Regional Variations in Mechanical Properties 

In order to rigorously study the regional heterogeneity of mechanical properties 
within AAA tissue, Thubrikar et al. [26] obtained five whole unruptured AAA 
specimens during surgical resection. They then cut about four axially oriented and 
two circumferentially oriented strips per AAA and subjected them to uniaxial tests 
until failure. They fit their data to the exponential functional form reported by 
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Table 1 Patient demographics, moiphology and test details for the study population. All images 
are from the anterior view and to scale 



AAA#1 



AAA #2 



AAA #3 



AAA #4 



Sex 

Age (years) 
Days in storage 
AAA Dia (cm) 
AAA height (cm) 
Cause of death 
Morphology 



Male 

55 

86 (frozen) 

4.5 

12.0 

Cancer 



Male 

54 



4.0 

15.5 

Myocardial infarction 





Female 

88 

34 (frozen) 

8.0 

14.0 

AAA rupture 




He and Roach [19]. They also measured thickness at about 10 sites in the AAA 
wall and the yield stress from their test data. They did not report any consistent 
pattern in the variation of any of these properties. The key finding from their study 
was that there is indeed significant regional variations in wall thickness and 
material properties (characterized by a and b of the exponential model mentioned 
earlier and the yield stress). 

Following their study, the authors (of this chapter) also performed a 
similar study to assess the level and nature of regional variations in AAA tissue 
properties [27]. Three unruptured and one ruptured AAA were excised from 
cadavers submitted to necropsy for the elucidation of the cause of death at the 
Service for Confirmation of Deaths at Sao Paulo University School of Medicine. 
Wall thickness was measured at multiple points along the cut edge, approximately 
every 1.5 cm and recorded on the digital image. Multiple longitudinally oriented 
rectangular strips of specimens were cut all around the circumference of the AAA 
using an 8 mm wide cutting die. Wall thickness was continuously measured as the 
specimen strips were cut and measurement locations marked on the digital images. 
Localized characteristics such as blisters, calcified plaque and rupture were noted 
when present within or close to a specimen strip. Table 1 shows the patient 
demographics, and AAA morphology for the study population. 

The specimen strips were then immersed in saline and refrigerated at 4°C for 
immediate mechanical testing. Uniaxial extension testing of rectangular specimen 
strips was performed. From the force-extension data, the failure tension (7}) and 
failure stress (Sf) associated with the peak load were calculated (see Fig. 2). 

The elastic portion of the stress strain curve was fit to a previously reported 
finite elastic material model [24] and the material parameters, a and /f were 
estimated. For a quantitative assessment of regional distribution of thickness and 
mechanical properties, all locations and associated properties were mapped to 
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10 15 

Extension, mm 

Fig. 2 Illustration of a typical uniaxial extension test and a resulting force-extension data. Ff is 
the maximum force in the data, Ef is the extension at Ff and yield force is the force at which the 
slope of the curve starts to decrease 



cylindrical coordinates and the AAA were mapped into geographical regions. 
Circumferentially, it was subdivided into anterior, left, posterior and right regions, 
each covering a fourth of 360°. Longitudinally, it was divided into proximal neck, 
aneurysmal region and the distal neck. In addition, regions were classified as 
bulged or unbulged based on visual observation. Figure 3 schematically illustrates 
various classifications. For quantitative assessment of wall thickness, measurement 
points were first separated into those at the site of calcified or non-calcified ath- 
erosclerotic plaque (plaque group) and those with no evidence of plaque (non- 
plaque group) based on visual observation and touch. 

The aneurysms studied showed significant regional variation but little differ- 
ence between the small (#1 and 2) and large (#3 and 4) AAA. In all three 
unruptured aneurysms, the average wall thickness followed a similar pattern 
reaching a minimum at the posterior-right region (see Fig. 4). This is the site of the 
vertebral column, but the implications remain unclear. In the ruptured aneurysm 
alone, there were two minimas — the thinnest one at the anterior rupture site and a 
second at the posterior-right region. In three of four AAA, sites with atheroscle- 
rotic plaque were noted. 

On the finite elastic properties, a and /? also they note significant regional 
variation as documented in Tables 2 and 3, but the AAA-wide average values were 
found to be remarkably close to that from Raghavan et al.'s previous report [24] 
(mean a and fi were 14 and 188 N/cm*"). 

On failure properties, two measures were used — the failure tension, Tf and the 
failure stress, Sf. The former is the failure load/width while the latter is failure 
load/area. Sf is essentially Tf normalized for the specimen thickness. Because 
thickness is not an experimentally controlled variable (unlike specimen width), 
and because the ability of the AAA wall tissue to resist rupture is likely the lumped 
effect of both Sf and wall thickness, Tf may be closer to true tissue caliber than the 
traditional failure strength, Sf Tf (and so also Sf) showed regional variations in 
addition to inter-subject variations as seen in Fig. 5. 
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Fig. 3 Schematic illustration 
of geographical subdivisions 
along the a circumferential 
and b longitudinal axes. 
Examples of bulged versus 
un-bulged categorizations are 
illustrated. Notice that even 
areas within the aneurysmal 
region may be classified as 
unbulged 



(3) Circumferential subdivisions 
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(b) Longitudinal subdivisions 




Neck 



Aneurysmal 
Bulged I region 



Neck 



Fig. 4 Circumferential 
variation of wall thickness. 
Data points shown are the 
mean wall thickness for every 
45 degree groupings along 
the circumferential direction. 
Thickness drop consistently 
between the posterior and 
right regions for all AAA. 
The ruptured AAA alone has 
a minimum along its rupture 
site 
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In the only ruptured AAA studied, a progressive reduction in thickness within a 
1 cm radius around the rupture site was observed. Oddly, the specimen closest to the 
rupture site (which was about 1 cm from it) was only the third weakest, behind two 
strips closest to a blister at another location. On average however, the ruptured 
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Fig. 5 Box plots of failure tension, Tf in the study population. The box indicates the 25th 
percentile, median and 75th percentile within each AAA. The mean value for each specimen is 
also shown. The solid circles refer to Tffor individual specimen strips. The dotted lines represent 
the range of FEA-based estimates of pressure-induced peak wall tension in patient population 
reported by Fillinger et al. [28] to help place failure tension values within the context of rupture 

AAA was not weaker than any of the unruptured AAA. Perhaps the greatest Um- 
itation in their study was the freezing of AAA specimens for storage prior to testing. 



3.4 Mechanical Properties of Ruptured Versus Unruptured AAA 



Di Martino et al. [29] reported on a study where they compared mechanical prop- 
erties of ruptured versus unruptured AAA. 26 specimen strips were obtained from 16 
unruptured AAA and 13 strips from 9 ruptured AAA, all from the anterior mid- 
section during surgical resection. Upon uniaxial extension testing until failure, they 
found that the ruptured AAA had a lower ultimate stress compared to the unruptured 
AAA with statistical significance (54 ± 6 vs. 82 ± 9 N/cm^; P < .04). The elastic 
property was quantified using two measures of elastic modulus — the maximum 
slope of the stress-strain curve and the slope at physiological stress. They did not 
find a difference in the elastic moduli between ruptured and unruptured AAA. 

In a study [30] that was similar to our earlier AAA heterogeneity study, but 
employing more rigor in approach [31], the authors harvested 9 unruptured and 4 
ruptured whole AAA from cadavers. This time, specimen strips were studied 
histologically, histochemically and subjected to uniaxial extension tests until 
failure. Unlike the earlier study, all specimens were tested within 24 h of harvest 
and within 48 h of death. After removal of intraluminal thrombus, the AAA was 
longitudinally cut open on its anterior surface and multiple rectangular strips 
(typical dimensions: 4 x 0.4 cm) were cut from all around the AAA resulting in 
5-15 specimens per subject within the aneurysmal portion and where possible, 
from the undilated neck regions. Specimen strip locations were marked on the 
AAA images. A small piece of each strip was also cut and stored for histology and 
histochemistry. The test strips were clamped with custom grips and attached to a 
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Fig. 6 Regional and inter-subject variations in measured mechanical properties of AAA 
harvested from autopsies 



uniaxial extension tester (Instron Spec 2,200) equipped with a tissue bath, a 5 lb 
load cell and a displacement sensor. Strips were subjected to uniaxial extension at 
20%/min strain rate until failure. The mechanical properties used earlier were 
determined, namely, the failure tension — Tf, the failure stress — Sf, and the failure 
strain — Sf. 

Histological study involved selective staining of tissue specimens from which 
the cross sectional area covered by elastin (Verhoeff's stain), collagen (trichrome 
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Stain), smooth muscle cells (r-Masson stain) and fat (clear areas) was recorded. 
The total medial thickness was also recorded. For histochemical analysis, the 
monoclonal antibodies against metalloproteinase MMP-9, C-reactive protein and 
inflammatory cells were used. For these, a nominal scale was used: — absent, 
1 (scarce and focal positivity), 2 (multifocal positivity) and 3 (diffuse positivity). 

Upon discarding test strips that failed at the clamps (~20% of 145 tests), an 
average of six test strips per subject from the infrarenal aneurysmal aortic region 
were obtained. The median failure properties were quite similar between those 
from ruptured and unruptured AAA: Tf— 10.4 versus 11.1 N/cm; Sf— 83.4 
versus 80.1 N/cm^; Ef— 0.39 versus 0.34 N/cm^; wall thickness — 1.46 versus 
1.51 mm; % Collagen = 47 versus 64% respectively. Histochemical analysis was 
performed on one to two tissue pieces each from 4 ruptured and 6 unruptured 
AAA. For those AAA where multiple pieces were studied, the results were 
averaged. Student f-tests did not reveal a statistically significant difference for 
inflammatory cells (average score — 2.00 versus 1.58; p — 0.49), C-reactive 
protein (average score =2.1 versus 1.8; /? — 0.53) or MMP-9 (average score — 2.1 
versus 2.4; p — 0.57) levels between the ruptured (A^ — 4) and unruptured (A^ — 7) 
groups respectively (see Figs. 6 and 7). There was a remarkable similarity in 
failure properties between specimen strips cut from the posterior and anterior wall 
surface. For instance, anterior versus posterior averages were: Tf— 11.1 versus 
1 1.4 N/cm and % Collagen = 48 versus 50% within the ruptured group; Tf — 12.9 
versus 12.0 N/cm and % Collagen = 62 versus 65% within the unruptured group 
(all longitudinally orientated strips). Lumping longitudinal and circumferential 
specimens and ruptured and unruptured groups does not alter this general obser- 
vation for all the properties {Tf, Sf, 8f, thickness and % Collagen). These findings 
are in contrast to the finding of a difference in Sf by Di Martino et al. using 
specimen strips from the anterior midsection harvested during surgical resection. 
Further studies will likely shed more light on this important issue. 

In the four ruptured AAA, primary rupture sites were on the lateral quadrants (left 
or right) with one rupture extending into the posterior (see Fig. 8). Rupture lengths 
ranged from 1 to 6 cm. Remarkably, all ruptures had a longitudinal orientation and 
appeared to follow a meridional geodesic line (shortest line on a surface). 

In conclusion, the authors note that AAA-wide average failure tension was not 
significantly different between the ruptured (A^ = 4) and unruptured (A^ — 7) 
groups (inter-AAA avg of intra-AAA avg Tf— 11.2 vs. 11.6 N/cm; p — 0.82). 
This is also the case for failure strain, failure stress, wall thickness and % cross 
sectional area covered by collagen. The results are not consistent with the notion 
that ruptured aneurysms are globally weaker than unruptured ones in this small 
study population. Of course, the authors concede that despite being the largest 
study of its nature, the sample population is still too small to draw any conclusions. 

In summary, uniaxial extension tests on harvested AAA tissue samples have 
provided us a first look at the elastic behavior of aneurysmal aortic tissue and its 
failure properties. By isolating the tissue for controlled testing, these studies were 
able to focus on the intrinsic tissue behavior rather than lumping it with geometry and 
boundary conditions as with the case of in vivo distensibility characterizations. There 
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Fig. 7 Regional and inter- 
subject variations in 
measured collagen content 
defined as % area of 
histological section covered 
by collagen (trichrome 
stained) 



100 



o 
u 



75 



50 



25 













A Unruptured AAA 


& 


A 


^ 








o Ruptured AAA 


"a 




& 







A 

o o 




A 


A 





g 





A 










o 

" ° i 



5 6 

AAA diameter (cm) 




Left-posterior 
AAA#1 




Fig. 8 Photographs of ruptured AAA in the study population. The white arrows point to the 
rupture sites. In two cases, the rupture site had sutures that were removed prior to testing. All 
images are to the same scale (5 cm ruler on left) 



are however, limitations to this testing method. Chief among them is precisely the 
fact that they were isolated from their physiological environment inducing hitherto 
unknown changes to their behavior. They tend to provide passive properties devoid of 
the role played by SMCs. Fortunately, the aorta is a conducting artery and therefore 
SMC role is likely low to begin with. A second concern is the cutting of the specimen 
strip from the whole AAA. This too may induce variants to their behavior, chief 
among them, possible secretion of enzymes that may induce proteolysis prior to 
testing. A third limitation is that uniaxial extension induces uniaxial stress which is a 
deviation from the physiological loading conditions where, tissue is conceivably 
experiencing a planar biaxial tensile stress (axial and circumferential components) 
and a transmural compressive stress (radial component). And finally, uniaxial 
extension testing is not well suited for studying AAA wall tissue anisotropy — that is, 
the orientational differences in properties (axial versus circumferential). Testing 
individual strips from different orientations do provide us valuable information on 
anisotropy [32], but this requires the use of different specimens from different 
locations introducing heterogeneity as another variable that will not be controlled for. 
So differences in measured properties cannot be definitively attributed to orientation 
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alone. Biaxial properties may indeed be ascertained from just uniaxial testing of a 
single strip, but only if the reduction in specimen width during extension is measured 
during testing [33]. This measurement can be rather imprecise. Perhaps for this or 
other reasons, all of the reported studies on uniaxial testing of AAA tissue have not 
measured width changes, but rather — where needed — merely assume isotropy (and 
incompressibility) to estimate the width and thickness changes in specimens during 
uniaxial extension. Despite these and other limitations, uniaxial extension tests form 
the first order information about AAA tissue and are therefore valuable in the 
information they provide. 

3.5 Stochastic Models for Predicting Failure Properties 

Failure properties measured using ex vivo mechanical testing studies of harvested 
specimens provide us with some understanding of how these properties vary in the 
study population. But the ultimate goal should be to predict these properties in an 
intact aneurysm so that they may better guide our interpretation of the criticality of 
AAA wall stress estimates. In this context two important efforts have been reported 
[34, 35]. Vande Geest et al. [35] took uniaxial data of 60 specimens from anterior 
AAA of 29 patients and developed a stochastic model relating failure strength (Sf) 
to various measurable factors. They reasoned that intraluminal thickness (ILT), 
patient age (AGE), AAA size (SIZE), regionally varying diameter of the aneurysm 
(normalized to neck diameter — NORD), family history of AAA (HIST), history of 
smoking (SMK), patient gender (SEX) and the method of measuring ILT thickness 
(METHOD) were all factors affecting strength. Based on a linear mixed-effects 
modeling, they built the following stochastic model: 

STRENGTH = Po + [/^i x ILT] + [/?2 x AGE] + [^3 x SIZE] + [^4 x NORD] 
+ [/?5 X HIST] + [^6 X SMK] + [/?7 X SEX] + [^g x METHOD] + e 

(14) 

where, /?; are the statistical coefficients determined using their data from 29 
patients. Subsequently, they tested the validity of the developed model on an 
independent validation set of data of 21 specimens from anterior AAA of 9 AAA 
patients and found reasonable agreement. This group then leveraged this predictive 
model in order to calculate the wall stress to strength ratio in the AAA of patients 
that they termed the rupture potential index (RPI) [36]. 

Doyle et al. [34] took an alternative approach for estimating strength in intact 
AAA by averaging the results reported by Thubrikar et al. [26] and Raghavan et al. 
[27] where they both directly measured properties covering all major regions of the 
AAA — anterior, posterior, lateral, distal, proximal and midsection, albeit in a total 
of 9 patients. Doyle et al. [34] combined these to arrive at mean values for ultimate 
stress in eight circumferentially subdivided regions — anterior, anterior-left, left, 
posterior/left, posterior, posterior/right, right, and anterior/right in that order. They 
then used these estimates to compare with finite element wall estimates in order to 
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calculate a stress-strength ratio that they termed Finite element analysis rupture 
index (FEARI)./Section2> 



3.6 Other Forms of Testing AAA Tissue 

As noted in the above section, uniaxial testing has its limitations, key among them 
is the fact that the stress distribution does not conform fully to physiological 
conditions. The next best alternative is planar biaxial extension testing. In 2006, 
Vande Geest et al. [37] harvested 26 aneurysmal and 8 age-matched non-aneu- 
rysmal aortic tissue samples from surgical resection patients and organ donors 
respectively. Square specimens were cut and held to the movable cross heads of 
the biaxial extension test apparatus [38] on four edges by sutures. The specimen 
was then subjected to force-controlled testing with varying prescribed forces 
between the two orthogonal directions. A CCD camera was used to track the 
displacement of markers forming a 5 x 5 mm square placed on the specimen. 
Figure 9 shows representative stress-stretch data reported. 
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Fig. 9 Representative stress-strain plots for non-aneurysmal (top) and aneurysmal (bottom) 
aortic tissue under biaxial extension testing reported by Vande Geest et al. S denotes the Second 
Piola-Kirchoff stress, subscripts and L refer to the axial and circumferential orientations, and 
the ratios denoting the prescribed ratio of force between the 6 and L directions during the test 
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To interpret this important data and extract constitutive model form and 
parameters, they adopted a methodical approach to guide their choice of a func- 
tional form reported by this group earlier [39]. They found that a constitutive 
functional form used earlier by Choi and Vito [40] would best suit their experi- 
mental data: 

W = bo[exp(V2bi£^g) +exp(V2b2£^L) + exp(V2b3£efl£LL) -3] (15) 

where, E is the Green-strain tensor and bo, bj, b2 and hj, are the material param- 
eters. The fits of above model to experimental data were found to be quite good 
(R of greater than 0.9). They reported population average values for parameters, 
bo, bi, b2, and bs to be 0.14 kPa, 477, 416, 408 for AAA tissue versus 0.32 kPa, 
141.1, 143.3, 127.9 for non-aneurysmal aorta respectively. To interpret anisotropy, 
they calculated the sqrt(bi/b2)-the higher it is, greater the circumferential stiffness 
compared to axial stiffness — and found this to be higher for aneurysmal aorta 
indicative of preferential circumferential stiffening in aneurysms. Marra et al. [41] 
also reported on preliminary biaxial extension testing of aneurysmal tissue sam- 
ples, but did not derive/characterize the data to extract constitutive model 
parameters. 



4 Recent Advances 

In the study of mechanical properties of AAA tissue, much remains unknown. 
Elastic behavior is just one aspect of AAA tissue behavior. Other aspects include, 
viscoelasticity, active behavior, plasticity and damage behavior, but little infor- 
mation is available on these important topics relevant to AAA pathogenesis. Even 
within the realm of elastic behavior, challenges abound. For one, uniaxial and even 
biaxial test methods do not completely conform to the physiological loading 
conditions. Biaxial testing does improve over uniaxial, but has the limitation of not 
providing important information on failure properties. An intriguing alternative to 
either of these methods might be inflation testing such as that reported by Marra 
et al. [42] for porcine aortic tissue. Here, they held a circular tissue specimen 
between two annular ring-like clamps and pressurized one side while recording the 
radius of curvature formed by inflation of the flat specimen in the other direction. 
They noted that all specimens tore in the circumferential direction. The pressure, 
curvature (and hence stretch ratio) data was curve fit to the Holzapfel model [43] 
and material parameters extracted. They did not report similar effort on human 
AAA tissue, but the test method proposed remains a useful alternative because it 
offers two key advantages over biaxial extension: (1) the loading conditions are 
more physiological (tensile axial and circumferential stress, compressive trans- 
mural stress), and (2) they can help elucidate failure properties. 

A second classic challenge has been the dilemma between in vivo lumped 
'property' estimation and controlled ex vivo testing. In this context, one recent 
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advancement might be to leverage dynamic scanning modalities to obtain the 3D 
deformation of the AAA under pulse pressure and then use numerical methods to 
extract the regional variations of the intrinsic tissue mechanical parameters. This 
latter approach would in one swipe, make the classic dilemma moot because it 
would be the best of both worlds — using in vivo physiological 'test' data while 
extracting intrinsic material parameters, even if regionally varying. There are 
challenges though in this approach: (1) how well do we understand the boundary 
conditions on the AAA (vertebral constraints, external pressure etc.), (2) how to 
handle initial conditions (residual stress, axial tethering traction), (3) how well can 
we extract point-to-point correspondence between any two configurations during 
motion, and (4) how well can we handle the computational cost of optimizing for 
so many parameter values (especially if heterogeneity is included) while arriving 
at a unique global solution. Some work in this area has been recently reported for 
cerebral aneurysm [44, 45] and may well be applicable to aortic aneurysms as 
well. Recently, Tierney et al. [46] regarding the feasibility of using acoustic 
radiation force impulse (ARPI) imaging to extract valuable information on the 
elastic caliber of the abdominal aortic aneurysm wall. 

And finally, while the above limitations are methodological, perhaps the 
greatest challenge may be in application of these methods in a large enough study 
population for the results to be representative and meaningful. Understandably due 
to practical considerations in terms of availability of data and specimens, most 
studies have been confined to small study populations restricting their universal 
applicability. Future studies should strive for larger study populations while 
leveraging the best of methodologies for improving our understanding of the 
mechanical properties of AAA tissue. 
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Abstract Abdominal aortic aneurysms are irreversible dilations of the infrarenal 
aorta. If left untreated the aneurysm may continue to grow until eventually rup- 
turing. Endo vascular aneurysm repair (EVAR) is an established method for the 
treatment of abdominal aortic aneurysms (AAAs). Complications arising from this 
treatment include endoleaks and graft migration. Computational methods such as 
PEA, CFD and FSI can be used to investigate both the disease manifestation and 
its treatment. FSI is a particularly useful tool for the investigation of EVAR as both 
the fluid forces acting on the graft and stresses on the aneurysm wall are of interest. 
This work investigates the stresses and haemodynamics in healthy, diseased and 
treated aneurysms through the use of FSI. Higher stresses and more disturbed 
haemodynamics are seen in aneurysms than in a healthy aorta. The insertion of a 
stent-graft significantly reduces the aneurysm wall stress and redistributes it. 
The stent-graft is subject to large haemodynamic forces which can cause migration 
of the device. These forces do not necessarily act primarily in a caudal direction, 
hence resulting in a non-caudal migration. The inclusion of patient-specific data 
such as patient-specific pressure and graft oversize was investigated. These were 
found to have a large effect on the accuracy of the results and in future best efforts 
should be made to include as much patient-specific data as possible in numerical 
models. 
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1 Introduction 

Abdominal aortic aneurysm (AAA) is defined as a dilation of the infrarenal aorta 
of 1.5 times the normal size of the artery. The aneurysm is normally treated when 
it reaches the clinically regarded maximum diameter threshold of 5 or 5.5 cm. 
Treatment is either by open repair (OR) or endovascular aneurysm repair (EVAR). 
EVAR involves the use of a device called a stent-graft and this treatment has 
become commonplace in the last decade due to the minimal invasiveness of the 
deployment technique. These stent-grafts provide a conduit for the blood flow and 
shield the weakened aneurysm wall from the pulsatile blood pressure. 

This technique is still associated with problems, which can lead to failure of the 
device, and often results in conversion to open repair (OR). These problems are 
primarily but not entirely associated with endoleaks, graft migration and graft 
occlusions. Endoleaks occur when blood enters the aneurysm sac, resulting in 
re-pressurization of the sac. Increased aneurysm sac pressure results in increased 
stress on the aneurysm wall [17] and is strongly associated with increasing 
aneurysm diameter after EVAR [4]. In a similar fashion a dilation of the proximal 
neck of the aneurysm can occur after EVAR. The mechanism of neck dilation is 
not fully understood but may be attributable to oversizing of the stent-graft causing 
increased stress on the aneurysm neck. Certainly there is an initial dilation of the 
aneurysm neck in the first year following implantation [27], but there is differing 
opinions as to whether the degree of oversize further dilates the neck during 
follow-ups [3, 29]. It should be noted that most neck enlargement studies are 
considered to have been flawed through poor methodology [31]. The other main 
complication associated with stent-graft treatment is graft migration. Graft 
migration occurs when the graft is dislodged by either 5 or 10 mm from its initial 
deployment location. Part of the reason for graft migration is the haemodynamic 
force created by the pressure of the blood flow. This works to dislodge the graft 
and may explain the cases of late graft migration. Other important factors also 
contributing to migration are lack of adequate proximal fixation length [11] and 
excessive oversizing [14]. 

Computational tools have become a useful technique in analysing biomedical 
and in this case vascular afflictions. These numerical methods can provide 
detailed information about wall stresses and fluid flow. In particular, fluid- 
structure interaction (FSI) is of major benefit as both graft and aneurysm wall 
stresses as well as fluid forces can be determined. FSI also has the added benefit 
of a more accurate representation of the in vivo environment than standard finite 
element analysis (FEA) or computational fluid dynamics (CFD). In standard FEA 
the pressure gradient across the region of interest is neglected and a constant 
static pressure assumed, while in CFD studies the wall boundary is assumed to 
be rigid. In reality the artery wall is deforming due to the pulsatile blood 
pressure which can be represented by FSI. FSI has been shown to results in large 
differences compared to standard FEA [28], though this has been disputed by 
others [8, 15]. 
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Despite EVAR being a problem that is very suitable for FSI simulation, there 
has been limited research in this area. A large body of the work has focused on the 
drag or migration forces experienced by the graft, while only one set of publica- 
tions has dealt with the coupled problem. The drag force acting on a graft can be 
determined analytically using control volume analysis or numerically with CFD by 
summing the pressure and viscous forces acting on a fluid surface. It has been 
shown that neck angulation, iliac angulation, neck diameter and neck-iliac cirea 
ration are the primary contributors to increased drag force magnitude [22]; 
[16, 18]. Increased pressure in the aneurysm sac results in a reduction of the drag 
force acting on a graft due to the decreased pressure gradient across the graft wall 
[12]. Previous FSI investigations in 3D representative models of EVAR incor- 
porating stagnant blood in the aneurysm sac have shown that the pressure in the 
aneurysm sac is significantly reduced after EVAR, though the stagnant blood will 
normally thrombose hours or days after the procedure [16, 18]. 

In this work, patient-specific cases of a healthy aorta, abdominal aortic aneu- 
rysm and EVAR treated aneurysm are investigated. First, details on the geometry 
reconstruction techniques as well as the FSI methodology are presented in Sect. 2. 
Results of the simulations for the normal aorta are shown in Sect. 3. Simulation 
results for the AAA are shown in Sect. 4. The effect of EVAR is shown in Sect. 5 
as well as the influence of including patient-specific data. Discussion of the results 
and their clinical relevance is presented in Sect. 6. 



2 Numerical Methods 

2.1 Image Segmentation and Model Construction 

All segmentations were performed using Mimics 12.0 (Materialise, Belgium). 
CT scan images of a healthy patient, patient with an aneurysm and a patient who 
had undergone EVAR were obtained. Both the aneurysm and EVAR cases had 
contrast enhanced regions where there was blood flow. This region could be semi- 
automatically segmented, while for the EVAR cases the aneurysm wall was 
manually segmented. The stents in the EVAR scans appear with a lot of noise, 
preventing their reconstruction. As a result of this the stent-graft was assumed to 
consist only of the region visible with contrast dye. The region between the stent- 
graft and the aneurysm wall was assumed to be fully solid intraluminal thrombus 
(ILT). This region was segmented by subtracting a stereolithography (stl) file of 
the stent-graft from a stl of the inner aneurysm region. Polylines were created 
along the edges of the segmented regions and were then offset in order to create a 
wall thickness. The artery /aneurysm wall was uniformly offset by 1.5 mm for all 
models, this is a standard value that is often assumed [15, 28]. The stent-graft wall 
was offset by a value of 0.2 mm, again this is a commonly used value in literature 
[16, 18]; [20]. An overview of the reconstruction process is illustrated in Fig. 1. 
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Fig. 1 Reconstruction of EVAR patient geometry — from CT scan to mesh. First, both the stent- 
graft lumen and aneurysm are segmented semi-automatically and manually respectively (1), 
polylines of these models are exported (2) and a CAD model is built (3), stls of the graft domain 
and inner aneurysm domain are subtracted from each other (4) leaving the ILT region behind (5). 
Finally meshed aneurysm (shown), graft and ILT regions are assembled (6) 



2.2 Fluid-Solid Coupling 



The primary technique for solving FSI problems is the Arbitrary Lagrangian- 
Eulerian (ALE) method. Other techniques that exist are, for example, the coupled 
momentum method (CMM) [7] or the immersed boundary method [5]. In the ALE 
method the nodes of the mesh may be moved in an arbitrarily specified way. Using 
the ALE method solvers can either be monolithic or partitioned. Monolithic 
solvers solve the fluid and solid governing equations together while partitioned 
solvers use separate fluid and structural solvers and exchange information 
between. A partitioned approach is used here with the structural solver Abaqus 
coupled with the fluid solver Fluent. The interface and data exchange between both 
programmes is provided by a third party software MpCCI (Fraunhofer SCAI, 
Germany). As a partitioned coupling method is chosen time stepping between the 
codes is achieved explicitly. Implicit time stepping (exchange of data during each 
time step) between partitioned solvers is a more stable approach but can be 
difficult to implement in commercial software. Explicit time stepping can be 
unstable particularly in domains with a long geometry and when small time steps 
are used. In order to provide a more stable solution sub-cycling of the fluid solver 
was used here, with typically 5 fluid time-steps taken per solid time step. The 
benefits of using a partitioned approach are the ability to use the best in-field solid 
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and fluid solvers (and their advanced capabilities) and being able to use non- 
conforming meshes for the fluid and solid domain. 

For the explicit approach used here, at the end of each time step Abaqus will 
send the deformed nodal co-ordinates to Fluent while Fluent will send the pressure 
to Abaqus. Fluent will then update the fluid mesh based on the deformed nodal 
co-ordinates obtained from Abaqus. Both softwares then proceed with their indi- 
vidual time steps before exchanging data again. 



2.3 Governing Equations 

The governing equations for fluid flow are the continuity equation (1) and the 
momentum equation (2) 

V-v==0 (1) 

6v 
P 0^ + (v - Vj) • Vv = - V/7 + /iV^v +fb (2) 

Where v is the fluid velocity vector, p is the pressure p is the density and fi is the 
dynamic viscosity, //, are the body forces. Because of the ALE formulation of the 
equation an extra term v^ to account for the movement of the grid is necessary. For 
the solid mechanics large deformations are considered. 



2.4 Mesh Independence Study 

Mesh independence was completed separately for the solid and fluid domains. 
Peak stress was chosen as the criteria for the solid domain independence, 
specifically that the peak stress did not differ by more than 2% between successive 
meshes. In the fluid domain the peak velocity as well as the drag force for the post- 
operative cases was chosen as the criteria for grid independence. A similar 2% 
difference between successive meshes was also used. Pulse cycle independence 
was achieved during the third cardiac cycle. 



3 Normal Aorta Biomechanics 

CT image data of a normal aorta was obtained and reconstructed based on the 
methods described earlier. FSI simulations were performed based on the tech- 
niques also described earlier. Figure 2 illustrates velocity and pressure waveforms 
from a healthy patient that were used as boundary conditions [19]. Specifically a 
velocity inlet was used at the inlet and pressure outlet at the outlets. The behaviour 
of the artery wall was accounted for by fitting a strain energy function to the 
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Time (s) 



Fig. 2 Flow rate (left) and pressure (right) waveforms 



0.3 





Fig. 3 Von Mises stress (MPa) on the healthy aorta at the time of maximum stress (/ = 0.43). 
Anterior view (left); Posterior view (right) 

Stress-strain data of 7 patients with normal aortas from Raghavan et al., [25]. 
The inlet and outlets were constrained in all degrees-of-freedom. 



3.1 Wall Stress 



Anterior and posterior views of the von Mises stress on the normal aorta wall at the 
time of maximum stress (f — 0.43) are shown in Fig. 3. In this case the peak stress 
occurs at the aortic bifurcation. The stress in this location is normally not of 
physiological interest, whereas, the stresses of interest on the aorta wall all fall 
below 0.25 MPa. Maximum wall stress did not occur at the time of peak pressure, 
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Fig. 4 Velocity streamlines (m/s) in the healthy aorta during maximum velocity (/ : 
and maximum deceleration (f = 0.45 s) 



0.295 s) 



this is due to FSI effects creating a non-uniform pressure acting on the aorta wall. 
Due to the near symmetric shape of the healthy aorta there are negligible differ- 
ences in wall stress on the anterior and posterior wall. 



3.2 Velocity Streamlines 

Streamlines through the aorta at maximum velocity and maximum deceleration are 
shown in Fig. 4. Unsurprisingly little flow disturbance can be seen in the straight 
tapering healthy geometry, particularly at the time of peak velocity. However, 
it can be seen that there is some swirling of the flow in the iliac leg region during 
fluid deceleration. This can be expected as blood flow is much more unstable 
during flow deceleration [23]. 



4 Aneurysm Biomechanics 



A patient suffering from AAA was selected from our database so as to provide an 
example of the biomechanics of diseased dilated aortas. Again, the same velocity 
and pressure waveforms from Mills et al., [19] were used as boundary profiles at 
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Fig. 5 Von Mises stress on aneurysm wall at the time of maximum stress (/ : 
view (left); Posterior view (right) 



0.43 s). Anterior 



the inlet and outlets respectively (Fig. 5). The aneurysm wall was described by a 
2 term strain-energy density function proposed by Raghavan and Vorp [26]. 
The inlet and outlets were constrained in all degrees-of-freedom. 



4.1 Wall Stress 

The peak pressure was located on the posterior wall of the patient just below the 
proximal neck. As this patient did not contain ILT this may have resulted in higher 
wall stress as ILT can act as a buffer. Similar regions of high stress can be seen on 
both the anterior and posterior walls. 



4.2 Velocity Streamlines 



Velocity streamlines are shown in Fig. 6 at maximum velocity and during 
deceleration of the flow. During maximum velocity the blood flows into the 
aneurysm sac and there is little presence of disturbances such as vortices and 
recirculations except for a small portion of helical flow as the blood flows down 
the aneurysm. Later, as the blood is decelerating the flow is more unstable and this 
is reflected by vortices in the sac causing strong recirculations. 
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Fig. 6 Velocity streamlines (m/s) in the aneurysm during maximum velocity (t - 
maximum deceleration (t = 0.45 s) 



: 0.295 s) and 



5 Post-Operative Biomechanics 

Similarly to the normal and diseased cases a patient who had undergone EVAR 
treatment for AAA was selected from our database. The CT images were obtained 
from a 6 month follow-up examination for the patient. The stent-graft was 
assumed to be linear elastic with a Young's Modulus of 10 MPa [16, 18]. The 
aneurysm wall was again prescribed the coefficients described by Ragahavan and 
Vorp [26], while the ILT was similarly described [33]. 

Initially oversize of the stent-graft was neglected and the graft was assumed not 
to be exerting a normal stress on the aneurysm neck. Also, the same velocity and 
pressure profiles as used in the normal aorta and aneurysm cases were initially 
used as boundary conditions. The influence of these assumptions is addressed later 
as patient-specific pressure and oversize are considered. 



5.1 Wall Stress 



The implantation of a stent-graft changes the stress pattern one would expect to see 
in a AAA. Instead of high stresses in the sac region there are high stresses in the 
aneurysm neck as the stent-graft is in direct contact with the neck. As there is now 
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Fig. 7 Von Mises wall stress in EVAR model at time of maximum wall stress (t = 0.43 s). 
Anterior view (left); Posterior view (right) 



a large amount of material between the blood pressure and sac wall (stent-graft and 
ILT) stresses are greatly reduced in this region (Fig. 7). 



5.2 Velocity Streamlines 

From Fig. 8 it can be seen that the blood flow is quite streamlined through the 
stent-graft. Due to the smooth geometry the blood flows into the iliacs with no 
disturbance during peak velocity. Similarly to the other models shown the flow is 
more helical during the deceleration phase. 



5.3 Stent-Graft Drag Forces 



The drag force which can lead to migration of the graft from its anchoring location 
was determined numerically. It was calculated by summing the pressure and 
viscous force components acting on the graft wall. The drag force and its 
components are plotted in Fig. 9. It can clearly be seen that the y-component is 
the largest contributor to the resultant force. As a result of this large component the 
resultant drag force acts primarily in an anterior direction. Components in the 
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Fig. 8 Velocity streamlines (m/s) in the EVAR model during maximum velocity (t = 0.295 s) 
and maximum deceleration (f = 0.45 s) 
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Fig. 9 Resultant drag force and the x, y and z components 



lateral (x) and caudal (z) directions are almost negligible. The generation of this 
force can be attributed to the large anterior-posterior angulation of the patient. 
Angulation of the inlet and outlets have been shown to have a large influence on 
drag force magnitude, that the majority of aneurysms have an anterior-caudal 
acting drag force [21] and that this may cause a lateral dislodgement of the stent- 
graft as well as caudal movement [6]. 
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Fig. 10 Drag force acting on stent-graft due to a normal pressure waveform and a patient- 
specific pressure waveform 

5.4 Influence of Patient-Specific Pressure 

Systolic and diastolic blood pressures were recorded as part of post-operative patient 
surveillance. Patient blood pressure may vary greatly depending on medication so the 
largest recorded systolic value (141 mmHg) was used as well as the diastolic value 
recorded at the same time (67 mmHg). The maximum and minimum pressures of the 
previously used healthy waveform [19] were then scaled to reflect the newly recorded 
maximum and minimum. The drag forces for the normal and patient-specific 
pressure were then determined and can be seen in Fig. 10. With the use of the 
patient-specific waveform the peak drag force rises from 10.8 to 12.9 N. This under- 
prediction by using a normal waveform indicates the importance of including patient- 
specific pressure data. Information about pulse duration would also be of great value 
as patients with shorter pulse durations will be subject to more peak force hits. 

Figure 1 1 shows the difference in aneurysm wall stress for both the normal and 
patient-specific pressure waveforms. Though the differences do not appear to be 
significantly different, higher wall stresses can be seen in the patient-specific 
waveform case. This is solely attributable to the higher pressure in the patient- 
specific waveform. 



5.5 Influence of Oversizing 



The degree of oversize was determined by the difference between the graft 
diameter and the outer aortic wall diameter (measuring adventitia to adventitia) as 
described by Sternbergh et al. [29]. A pre-stress was then applied to the regions of 
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Fig. 11 Von Mises stress on aneurysm showing the influence of patient-specific pressures 
with normal waveform {left) and patient-specific waveform (right) at the time of maximum wall 
stress (/ = 0.43) 



,0.3 




Fig. 12 Von Mises stress (MPa) on post-op models showing the influence of graft oversizing on 
aneurysm wall stress at the time of maximum wall stress (t = 0.43). Pre-stress only (left); No 
pre-stress at peak pressure (middle); Pre-stress and at peak pressure (right) 



the aneurysm neck and iliac legs that were under stress due to the graft oversize. 
Based on the graft specification and CT scan aneurysm measurements it was found 
that the graft neck was oversized by 10%, the left iliac by 2.5% and the right iliac 
by 6%. As the pre-stress is applied only to the neck and iliac regions the increase 
in wall stress can be seen in this region, though a small elevation in the aneurysm 
sac was also noted (Fig. 12). A more uniform stress on the neck appears to be 
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generated due to the pre-stress. While, even if just the pre-stress is included the 
stress is brought close to that of the case with pre-stress at peak pressure. 



6 Discussion 

The development of AAA results in elevated wall stresses and disturbed haemody- 
namics [34]. The examples here show the differences in healthy to diseased cases, 
namely in the presence of elevated wall stresses and greater flow disturbances. 
Normal healthy aorta geometry does not vary greatly from patient to patient and as a 
result wall stresses would not expect to vary greatly from the value of 0.3 MPa found 
here (at the bifurcation). On the other hand it has been shown that there are large 
variations in aneurysm geometries and as a result large differences in wall stress [9]. 
Unsurprisingly, in the example shown in this work the aneurysm had 3 times greater 
wall stress than the normal aorta. This increase can be attributed to the larger size, 
larger curvature and stiffer wall of the aneurysm model. 

Previously it has been shown how the implantation of a stent-graft can improve 
haemodynamics and remove vortices from the flow [20] . In the example presented here 
streamlined blood flow can be seen in both the normal aorta and the stent-graft. This 
illustrates the benefits of a stent-graft in restoring blood flow close to the pre-op 
scenario. In the aneurysm the flow is of a more disturbed nature. During deceleration 
more disturbed flow can be seen in each model. Biasseti et al. [1] showed that blood 
flow differs significantly from fusiform to saccular aneurysms with large flow reversals 
in fusiform aneurysms, while the blood is almost at rest in saccular aneurysms. The 
aneurysm in this case was saccular in nature. As a result regions of, or almost of, zero 
flow are commonplace particularly during flow deceleration. Saccular aneurysms such 
as the example here would expect to have more disturbed flow, depending on the 
degree of ILT formation, due to the creation of pockets which the blood will flow into. 

The patient in this study did not suffer from severe hypertension and hence 
there was not a large change in the stress due to the patient-specific waveform not 
differing greatly from the standard waveform. In patients suffering from severe 
hypertension drag forces would expect to be significantly higher. If elevated 
aneurysm neck stresses contribute to post-op neck dilation then these stresses may 
be under-predicted with the use of a generic pressure waveform. For the estimation 
of wall stress in the aneurysm neck the degree of oversize is crucial information if 
an accurate value is to be determined. As the specification of each implanted graft 
is known a pressure can be applied to give a reasonable representation of the 
normal stress acting on the aneurysm neck and iliacs. In the model presented here a 
large increase in wall stress was observed for the inclusion of graft oversizing 
(Fig. 12). The oversize applied in this case was 10% and would not be considered 
excessive by clinical standards. Indeed, oversizing of between 20 and 30% are not 
uncommon and would result in even greater neck and iliac stresses. 

Based on the results seen here further advancement in patient-specific data would 
create more accurate patient-specific models. One of the major limitations of this 
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Study and most traditional FSI studies are in the implementation of boundary con- 
ditions. Most FSI studies of AAA use velocity inlet and pressure outlet boundary 
profiles from either Mills et al., [19] or Olufsen [24]. More accurate outlet boundary 
conditions can be obtained by representing the downstream vasculature with one- 
dimensional or impedance models [32]. Unfortunately, these types of boundary 
conditions can be difficult to implement in commercial softwares. An alternative is to 
record pressures in vivo. Recently Torii et al., [30] obtained patient-specific pressure 
profiles using a pressure probe, this is an additional and more invasive technique than 
acquiring velocity or flow rate data which can be acquired using Doppler ultrasound 
or phase contrast magnetic resonance imaging (PC-MRJ). Nevertheless, it is a sig- 
nificant improvement on the method presented here of superimposing the measured 
patient pressure on the waveform from Mills et al. Though this method should give an 
accurate representation of the patients systolic and diastolic pressures, the pressures 
between these points are unknown. Information regarding the duration of the aortic 
pulses is also unknown. 

Another source of potential inaccuracy is the assumption of zero stress in the 
initial aorta/aneurysm geometry. While efforts have been made to account for this 
[10] by finding the pre-stressed aneurysm geometry, this has not been extended to 
finding the pre-stressed aneurysm geometry after a stent-graft has been implanted. 
The assumption of linear elasticity for the stent-graft is also a limitation of the 
work. Nitinol is a shape memory alloy and behaves very differently under differing 
degrees of strain while ePTFE does not behave linearly [2]. Incorporation of some 
of these aspects has previously been achieved [13] but has not been extended to a 
patient-specific case. This can be primarily attributed to the difficulty in stent 
reconstruction, as they appear with considerable noise in CT images. 



7 Conclusions 

AAA results in elevated wall stresses and disturbed haemodynamics. The implan- 
tation of a stent-graft reduces stresses and improves haemodynamics to levels 
similar to healthy cases. EVAR treatment may create problems due to drag forces 
acting on the graft and high neck stresses. Accurate patient-specific data is crucial 
for the prediction of the stresses and forces acting on aneurysms and stent-grafts and 
this data has a large bearing on the predicted results. Vascular modelling that aims to 
predict disease formation or device performance should use as much patient data as 
is possibly available. 



References 



1. Biasseti, J., Gasser, T.C., Auer, M., Hedin, U., Labruto, F.: Hemodynamics of the normal 
aorta compared to fusiform and saccular abdominal aortic aneurysms with emphasis on a 
potential thrombus formation. Ann. Biomed. Eng. 38(2), 380-390 (2010) 



178 D. S. Molony et al. 

2. Catanese III, J., Cooke, D., Maas, C, Pruitt, L.: Mechanical properties of medical grad 
expanded polytetraflouroethylene: The effects of intermodal distance, density, and 
displacement rate. J. Biomed. Mat. Res. 48(2), 187-192 (1999) 

3. Conners 111, M.S., Sternbergh, W.C., Carter, G., Tonnessen, B.H., Yoselevitz, M., Money, 
S.R.: Endograft migration one to four years after endovascular abdominal aortic aneurysm 
repair with the Aneurx device: A cautionary note. J. Vase. Surg. 36(3), 476-484 (2002) 

4. Corriere, M.A., Feurer, I.D., Becker, S.Y., Dattilo, J.B., Passman, M.A., Guzman, R.J., 
Naslund, T.C.: Endoleak following endovascular abdominal aortic aneurysm repair. Ann. 
Surg. 239, 800-807 (2004) 

5. De Hart, J., Peters, G.W.M., Schreurs, P.J.G., Baaijens, F.P.T.: A three-dimensional 
computational analysis of fluid- structure interaction in the aortic valve. J. Biomech. 36, 
103-112(2003) 

6. Figueroa, C.A., Taylor, C.A., Yeh, V., Chiou, A.J., Gorrepati, M.L., Zarins, C.K.: 
Preliminary 3D computational analysis of the relationship between aortic displacement 
force and direction of endograft movement. J. Vase. Surg. 51(6), 1488-1497 (2010) 

7. Figueroa, C.A., Vignon-Clementel, I.E., Jansen, K.C., Hughes, T.J.R., Taylor, C.A.: 
A coupled momentum method for modelling blood flow in three-dimensional deformable 
arteries. Comp. Meth. Appl. Mech. Eng. 195, 5685-5706 (2006) 

8. Eraser, K.H., Li, M.X., Lee, W.T., Easson, W.J., Hoskins, P.R.: Fluid-structure interaction in 
axially symmetric models of abdominal aortic aneurysms. Proc. Inst. Mech. Eng. H 223(2), 
195-209 (2009) 

9. Gasser, T.C., Auer, M., Labruto, F., Swedenborg, J., Roy, J.: Biomechanical rupture risk 
assessment of abdominal aortic aneurysms: Model complexity versus predictability of finite 
element simulations. Euro. J. Vase. Endovasc. Surg. 40, 176-185 (2010) 

10. Gee, M.W., Reeps, C, Eckstein, H.H., Wall, W.A.: Prestressing in finite deformation 
abdominal aortic aneurysm simulation. J. Biomech. 42(11), 1732-1739 (2009) 

11. Greenber, R.K., Turc, A., Haulon, S., Srivastava, S.D., Sarac, T.P., O'Hara, P.J., Lyden, S.P., 
Ouriel, K.: Stent-graft migration: A reappraisal of analysis methods and proposed revised 
definition. J. Endovasc. Ther. 11, 353-363 (2004) 

12. Howell, B.A., Kim, T., Cheer, A., Dwyer, H., Saloner, D., Chuter, T.A.M.: Computational 
fluid dynamics within bifurcated abdominal aortic stent-grafts. J. Endovasc. Ther. 14(2), 
138-143 (2007) 

13. Kleinstreuer, C, Li, Z., Basciano, C.A., Seelecke, S., Farber, M.A.: Computational 
mechanics of Nitinol stent-grafts. J. Biomech. 41, 2370-2378 (2008) 

14. Kratzberg, J.A., Golzarian, J., Raghavan, M.L.: Role of graft oversizing in the fixation 
strength of barbed endovascular grafts. J. Vase. Surg. 49(6), 1453-1553 (2009) 

15. Leung, J.H., Wright, A.R., Cheshire, N., Crane, J., Thom, S.A., Hughes, A.D., Xu, Y.: Fluid 
structure interaction of patient specific abdominal aortic aneurysms: a comparison with solid 
stress models. Biomed. Eng. Online 5, 33 (2006) 

16. Li, Z., Kleinstreuer, C: Fluid structure interaction effects on sac-blood pressure and wall 
stress in a stented aneurysm. J. Biomech. Eng. 127, 662-671 (2005) 

17. Li, Z., Kleinstreuer, C: Effects of major endoleaks on a stented abdominal aortic aneurysm. 
I. Biomech. Eng. 128, 697-706 (2006) 

18. Li, Z., Kleinstreuer, K.: Analysis of biomechanical factors affecting stent graft migration in 
an abdominal aortic aneurysm model. J. Biomech. 39(12), 2264-2273 (2005) 

19. Mills, C.J., Gabe, I.T., Gauh, J.H., Mason, D.T., Ross, J., Braunwuld, E., Shillingford, J.P.: 
Pressure flow relationship and vascular impedance in man. Card. Res. 4(4), 405-417 (1970) 

20. Molony, D.S., Callanan, A., Kavanagh, E.G., Walsh, M.T., McGloughlin, T.: Fluid-structure 
interaction of a patient-specific abdominal aortic aneurysm treated with an endovascular 
stent-graft. Biomed. Eng. OnUne 8, 24 (2009) 

21. Molony, D.S., Kavanagh, E.G., Walsh, M.T., McGloughlin, T.M.: A computational study of 
the magnitude and direction of migration forces in patient-specific abdominal aortic 
aneurysm stent-grafts. Euro. J. Vase. Endovasc. Surg. 40(3), 332-339 (2010) 



Fluid-Structure Interaction 179 

22. Morris, L., Delassus, P., Walsh, M., McGloughlin, T.: A mathematical model to predict the in 
vivo distraction forces acting on bifurcated stent grafts used in endovascular treatment of 
abdominal aortic aneurysm (AAA). J. Biomech. 37(7), 1087-1095 (2004) 

23. Morris, L., Delassus, P., Callanan, A., Walsh, M., WaUis, F., Grace, P., McGloughlin, T.: 3-D 
numerical simulation of blood flow through models of the human aorta. J. Biomech. Eng. 
127(5), 767-775 (2005) 

24. Olufsen, M.S.: Structured tree outflow condition for blood flow in larger systemic arteries. 
Am. J. Physiol. Heart Circ. Physiol. 276, 257-268 (1999) 

25. Raghavan, M.L., Webster, M.W., Vorp, D.A.: Ex vivo biomechanical behaviour of 
abdominal aortic aneurysm: assessment using a new mathematical model. Ann. Biomed. 
Eng. 24(5), 573-582 (1996) 

26. Raghavan, M.L., Vorp, D.A.: Toward a biomechanical tool to evaluate rupture potential of 
abdominal aortic aneurysm: Identification of a finite strain constitutive model and evaluation 
of its applicability. J. Biomech. 33(4), 475^82 (2000) 

27. Sampaio, S.M., Panneton, J.M., Mozes, G., Andrews, J.C., Noel, A.A., Kalra, M., Bower, 
T.C., Cherry, K.J., Sullivan, T.M., Gloviczki, P.: Aortic neck dilation after endovascular 
abdominal aortic aneurysm repair: Should oversizing be blamed? Ann. Vase. Surg. 20(3), 
338-345 (2006) 

28. Scotti, CM., Finol, E.A.: Compliant biomechanics of abdominal aortic aneurysms: A fluid 
structure interaction study. Comp. Struct. 85, 1097-1113 (2007) 

29. Sternbergh, W.C., Money, S.R., Greenberg, R.K., Investigators, Zenith: Influence of 
endograft oversizing on device migration, endoleak, aneurysm shrinkage and aortic neck 
dilation: Results from the Zenith multicenter trial. J. Vase. Surg. 39(1), 220-226 (2004) 

30. Torii, R., Wood, N.B., Hadjiloizou, N., Dowsey, A.W., Wright, A.R., Hughes, A.D., Davies, 
I., Francis, D.P., Mayet, J., Yang, G., Thom, S.A., Xu, Y.: Fluid-structure interaction analysis 
of a patient-specific right coronary artery with physiological velocity and pressure 
waveforms. Comm. Num. Meth. Eng. 25, 565-580 (2009) 

31. Van Prehn, J., van Herwaarden, J. A., Vincken, K.L., Verhagen, H.I., Moll, F.L., Bartels, 
L.W.: Asymmetric aortic expansion of the aneurysm neck analysis and visualization of shape 
changes with electrocardiogram-gated magnetic resonance imaging. J. Vase. Surg. 49(6), 
1395-1402 (2009) 

32. Vignon-Clementel, I.E., Figueroa, C.A., lansen, K.E., Taylor, C.A.: Outflow boundary 
conditions for three-dimensional finite element modelling of blood flow and pressure in 
arteries. Comp. Meth. Appl. Mech. Eng. 195, 3776-3796 (2006) 

33. Wang, D.H.I. , Makaroun, M., Webster, M.W., Vorp, D.A.: Mechanical properties and 
microstructure of intraluminal thrombus from abdominal aortic aneurysm. I. Biomech. Eng. 
123(6), 536-539 (2001) 

34. Xenos, M., Rambhia, S.H., Alemu, Y., Einav, S., Labropoulos, N., Tassiopoulos, A., Ricotta, 
I.J., Bluestein, D. Patient-based abdominal aortic aneurysm risk prediction with fluid 
structure interaction modelling, Ann. Biomed. Eng. doi: 10.1007/sl0439-010-0094-3. 



Biomechanical Aspects of Abdominal 
Aortic Aneurysm (AAA) and its Risk 
of Rupture: Fluid Structure Interaction 
(FSI) Studies 



M. Xenos and D. Bluestein 



Abstract A series of numerical studies to elucidate the effect of various biome- 
chanical parameters on AAA disease progression and its risk of rupture is pre- 
sented, highlighting a methodology based on biomechanical considerations for a 
reliable patient specific prediction of AAA risk of rupture. Fluid structure inter- 
action simulations of normal aortas, non-ruptured, and contained ruptured AAA 
(rAAA) were conducted in patient specific geometries reconstructed from CT 
scans. The models included the arterial wall, intraluminal thrombus (ILT), and 
calcifications. Parametric studies of the effects of iliac bifurcation and neck 
angulation, and of hypertension were also conducted. Advanced constitutive 
material models included wall anisotropy and structural strength of the aorta. Our 
studies demonstrate that the anisotropic simulations showed higher peak wall 
stresses as compared to isotropic ones, indicating that the latter may underestimate 
the AAA risk of rupture. The ILT appeared to provide a cushioning effect reducing 
the stresses, while small calcifications appeared to weaken the wall and contribute 
to the rupture risk. The location of the maximal wall stresses and rupture potential 
index (RPI) in ruptured AAA simulations overlapped the actual rupture region, 
demonstrating the predictive capabilities of the methodology. Parametric studies 
of the AAA iliac bifurcation and neck angulation in idealized streamlined AAA 
geometries indicated a trend of increasing peak wall stresses with increasing iliacs 
and neck angulation, with the appearance of two local minima in the iliac bifur- 
cation angle peak stresses pointing to the possibility of an adaptation response in 
an attempt to achieve a temporary reduction of the peak wall stresses during the 
disease progression. Such geometric parametric dependence can be further used to 
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augment AAA diagnostics. This may help clinicians estimate the AAA risk of 
rapture to establish whether a risky surgical intervention is warranted. 



1 Introduction 

1.1 Abdominal Aortic Aneurysm (AAA) Disease: Prevalence 
and Mortality Rates 

Aneurysmal dilation of the aorta occurs in 2-A% of males over the age of 65 in the 
western world. The disease risk is increased in patients who have evidence of 
coronary, carotid, or peripheral vascular disease, a history of smoking, or a family 
history of aneurysmal disease [121]. Recently, routine ultrasound surveillance 
screening for abdominal aortic aneurysm has been recommended for males 
over 65 years of age and selected high-risk females [47]. The major complication 
of aneurysmal disease is rupture, which is associated with mortality rates of 
50-75% [6]. Prophylactic intervention to prevent aneurysm rupture is recom- 
mended for patients whose annual risk of rupture exceeds the risk of operation (2- 
5%, in patients with acceptable cardiovascular risk). Due to the lack of more rig- 
orous diagnostic tools, many of the AAA surgical procedures may be deemed 
unnecessary, while some patients are under-treated with possibly devastating 
consequences. This trend is expected to keep rising due to the aging population [80]. 



1.2 Relationship of AAA Size and Other Factors to Rupture 

Rupture risk is generally correlated to maximal AAA transverse diameter; con- 
sequently, this parameter has been used to determine the need for intervention. 
Current recommendations, based on prospective studies, indicate that AAA should 
be repaired when the maximal diameter exceeds 5.0-5.5 cm [47, 61]. However, 
the risk of rupture is multifactorial, and an absolute correlation between size and 
risk of rupture is impossible to obtain [39]. Important variables influencing rupture 
risk include the AAA configuration (fusiform versus saccular), size of the normal 
adjacent aorta, vessel tortuosity, and the presence or absence of thrombus and 
calcium. The ability to estimate the rate of aneurysm progression is also of great 
clinical importance. This estimate influences the frequency of follow up as well as 
decisions regarding surgical intervention. Initial AAA size is a major determinant 
of progression, with average AAA expansion rates of about 10% diameter per year 
[75, 121]. However, individual patient risk factors, vessel angulation, and hemo- 
dynamic forces undoubtedly influence this process. It has been established in the 
literature that smaller diameter aneurysms can rupture while larger ones can 
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remain intact [17, 46, 61, 84]. Additionally, the mortality rate for aneurysm rupture 
is independent of size and exceeds 50% [92]. Some aneurysms contain intralu- 
minal thrombus (ILT). Whether or not the ILT offers protection against rupture is 
subject to an ongoing investigation [20, 76, 89, 103, 106]. The degree of wall 
calcification in both aneurysmal and adjacent normal aorta varies widely. There 
are no data that correlate this distribution with rupture risk. When matched for age, 
gender, and diameter, ruptured AAAs tend to be less tortuous, yet have greater 
cross-sectional diameter asymmetry [26]. When diameter asymmetry is associated 
with low aortic tortuosity, the larger diameter on axial sections more accurately 
reflects rupture risk, and when diameter asymmetry is associated with moderate or 
severe tortuosity, the smaller diameter on axial sections more accurately reflects 
rupture risk. Smoking is significantly associated with rupture, even when con- 
trolling for gender and AAA anatomy [26]. 



1.3 Small Aneurysms can Rupture 

Several clinical studies emphasized the fact that large aneurysms have larger 
mortality rate because of they are more prone to rupture, but small diameter 
aneurysms can also rupture [10, 13, 61]. Accordingly, physicians follow patients 
with small (4.0-5.5 cm) AAAs with serial imaging studies to document growth 
rate and absolute size. This helps determine the need for intervention. It is gen- 
erally accepted that even a small aneurysm that shows rapid growth (>5 mm in 
6 months) should be operated on because of an imputed increased risk of rupture. 
Within the cohort of patients examined, women have a threefold higher risk of 
aneurysm rupture than men. Effective control of blood pressure and cessation of 
smoking are likely to diminish the risk of rupture. Once rupture occurs, mortality 
rates of small (<5 cm) and large (>5 cm) aneurysms are similar, 70% for small 
AAAs versus 66% for large AAAs [56]. No significant differences are seen 
between the patients with small and large ruptured aneurysms with respect to the 
prevalence rates of hypertension (60 versus 50%) or of cardiac disease (20 versus 
22%). In the [27] study, the smallest ruptured AAA was 4.8 cm, but this aneurysm 
had a stress equivalent to the average electively repaired 6.3 cm AAA. Recent FSI 
simulations conducted in models reconstructed from patients with ruptured AAA 
indicated similar results, whereas smaller ruptured AAA exhibited higher stresses 
than larger ruptured AAA [117, 118]. 



1.4 Mechanisms of AAA Wall Weakening 

AAA development is multifactorial. A major mechanism postulated for AAA 
formation focuses on inflammatory processes where macrophage recruitment leads 
to MMP production and elastase release. The biomechanical changes associated 
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with enzymatic degradation of structural proteins suggests that AAA expansion is 
primarily related to elastolysis, whereas rupture involves failure of the remaining 
collagen mesh [21]. Elastolysis promotes AAA expansion, increasing the wall 
tension according to Laplace's Law but does not necessarily weaken the aortic 
wall. There is clear evidence that inflammation, with macrophage infiltration and 
matrix digestion by matrix metalloproteinases (MMP) plays an important role in 
this process. There are two mechanisms that specifically weaken the AAA wall 
and increase the possibility of AAA rupture. The first one is based on the stress- 
mediated wall weakening and the second one is the hypoxia-mediated wall 
weakening. The wall strength distribution and the tissue stiffness within any AAA 
is spatially variable [87, 88, 102]. These observations support the hypothesis that 
local factors like the biomechanical wall and hypoxia could promote tissue 
degeneration in AAA. Aneurysmal portions of the aorta were found stiffer and 
contained less elastin and collagen than normal aorta [30]. A decreasing quadratic 
relationship was found between elastin concentration and diameter for normal 
aortas and for pathological increasing diameter [73]. Focal saccular outpouchings 
or "blebs", found within the walls of some AAAs may represent sites of potential 
rupture [40]. Further studies showed that these saccular outpounchings result in 
focal stress concentration [44, 105]. Increased matrix metalloproteinase MMP-9 
mRNA in AAA correlated with increasing aneurysm size [52]. Further studies 
show that the degree of elastolysis increases in AAA as it enlarges [72]. 

Hypoxia may cause AAA wall weakening by upsetting the normal balance 
between extracellular matrix synthesis and degradation, by mediating cytokines 
activity such as tumor necrosis factor-a [22, 48, 60, 74]. Kazi et al. showed that 
AAA wall adjacent to ILT was thinner, and contained more macrophages and 
inflammatory cells than AAA wall adjacent to no ILT [43]. It was also shown by 
the Vorp group that macrophages are present in the ILT and are exposed to a 
hypoxic environment [1, 107]. This clearly indicates that the local hypoxic envi- 
ronment could lead to a decrease of the overall structural integrity of the wall and 
eventually to rupture. 



1.5 Mechanical Properties of AAA Using Experimental Clinical 
Approaches 

AAA rupture is a mechanical failure of the wall tissue due to elevated stresses 
developing within the AAA wall as a result of the interaction between the 
pathological AAA hemodynamics and the compromised integrity of the wall. 
Currently, the means of measuring in vivo the wall stresses or tissue strength of an 
aneurysm are extremely limited. The use of noninvasive techniques like ultrasound 
and computed tomography (CT) for the detection and treatment of AAAs have 
recently been expanded for estimating the mechanical behavior of the AAA wall 
and ILT, primarily with the recording of compliance measurements. It has been 
shown with the use of ultrasound tracking system that there is a decrease in 
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compliance in patients with AAA as compared with control subjects [45]. Using 
M-mode ultrasonography an increase in the pressure-strain elastic modulus was 
reported in patients with AAA [51]. Automated ultrasonographic measurements of 
the aortic wall and ILT showed that the compliance of the AAA wall is decreased 
[101]. Several studies suggest that the ILT has a cushioning effect [41, 109, 118]. 
The relationship between compliance, maximum diameter and growth rate was 
studied, concluding that large aneurysms tend to be less compliant and thus stiffer 
compared to healthy subjects [112]. Recently the same group showed that gender, 
hypertension, a decrease in elastic modulus and a larger maximum diameter are 
significant parameters in AAA rupture [113]. 



1.6 AAA Wall Stress and Strength 

There is a significant decrease in the tensile strength of AAA compared to 
nonaneurysmal tissue [64]. Larger AAAs have a higher risk of rupture [5, 49], 
suggesting that the failure strength of AAA wall reduces progressively as a AAA 
enlarges [96]. Earliest predictions for AAA wall stress used the law of Laplace in 
simple geometries [23, 41, 54]. These simplified geometries were initially used by 
many researches and provided useful information on the general factors influ- 
encing AAA wall stress [16, 23, 54, 55]. However, excluding the geometric 
complexity of the AAA wall can lead to over or underestimation of the wall 
stresses [71]. Linear elasticity was initially applied for describing the wall material 
properties of the AAA [16, 23, 54, 55]. However the AAA wall tissue is char- 
acterized by hyperelastic/viscoelastic material properties and significant anisotropy. 
The use of simplified geometries or linearized elasticity for AAA wall properties 
could lead to inconsistent results that may underestimate the wall stresses [66]. 
The rupture of AAA is not only a function of wall stress but wall strength. Thus, 
determination of the strength of the local tissue is of importance. Wilson et al. 
[Ill, 113, 114] distinguished between two major types of aneurysms, the ones that 
'remodel' while growing (elastic aneurysms) and adjust to the new stress levels, 
and the ones that do not remodel (stiff aneurysms). AAA distensibility (pressure 
strain elastic modulus [Ep\ and stiffness [/?]) were measured at 6 months with an 
ultrasound scan-based echo-tracking technique [113]. 



1.7 Tensile Testing and Modeling of AAA Wall and ILT 

Early ex vivo studies of the biomechanical properties of AAA were focused on the 
understanding of the extracellular matrix and its basic properties like the wall 
stiffness. A stiffer and less distensible uniaxial response was observed in AAA 
tissue specimens as compared with normal tissue, along with an associated 
decrease in volume fraction of elastin [30]. A decrease in AAA wall strength of 
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specimens tested uniaxially was also reported [62, 104]. Biomechanical properties, 
e.g., yield stress (the critical stress value that is required for the rupture of the 
aortic tissue to occur) and its regional distribution within the aneurysmal wall 
[86-89] were observed, clearly indicating that spatial variations in wall stresses 
and strengths must be taken into account. Uniaxial testing of abdominal aortic 
tissue specimens was performed [63], and the mechanical behavior of the tissue 
was modeled using non-linear hyperelastic wall mechanical properties following 
the isotropic Mooney-Rivlin formulation [53]. Tension controlled biaxial testing 
of AAA wall specimens was used to carefully characterize the stress-strain rela- 
tionship of the tissue [29]. This experimental data was incorporated into advanced 
anistropic models for the wall behavior using the innovative fluid structure 
interaction (FSI) approach for modeling AAA wall stress and deformation recently 
performed by our group [66]. 

A high degree of anisotropy in mechanical response was observed between the 
circumferential and longitudinal directions. The uniaxial tensile properties of ILT 
were measured and used for modeling it as a linear isotropic material [16], and a 
uniaxial tensile test was performed to develop a hyperelastic isotropic constitutive 
relation for the ILT [108]. It indicated the heterogeneity of the ILT-composed of 
three distinct layers with different mechanical properties. More recent work has 
shown that the luminal layer of ILT behaves as an isotropic material [16, 94, 108]. 



1.8 Image Segmentation and Reconstruction Tools 

With the advances in graphics techniques for surface rendering, the potential for 
attaining useful information from graphics in the medical field has emerged. 2D 
images obtained in parallel planes from imaging modalities like CT and mag- 
netic resonance imaging (MRI) scans can be reconstructed for visualizing the 3D 
morphology of diseased organs. Angiographic approaches utilize multisliced CT 
to obtain 3D reconstructions of the volumetric data. Several techniques have 
been developed, such as the maximum intensity projection (MIP), shaded surface 
display (SSD), volumetric rendering etc. [2, 11, 42, 59]. Visualization toolkit 
(VTK) and the insight toolkit (ITK) are a few examples of packages developed 
for performing registration and segmentation based on ITK and VTK libraries 
[120]. These open-source toolkits have active development community that 
includes laboratories, institutions and universities from around the world [3, 4, 
50, 82, 110]. While these tools provide a qualitative technique for diagnosing 
pathologic conditions, there is also a need to quantify pertaining parameters. 
Despite the high resolution of these imaging techniques 3D representations alone 
do not provide blood flow patterns that develop within the lumen or the wall 
stresses that act on the wall and develop within it due to the hemodynamics. 
Accordingly, several steps still need to be developed in order to complete a 
quantitative framework for better diagnostics and predictive capabilities for 
estimating AAA risk of rupture. 
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1.9 Computational Models of AAA 

The improving resolution of clinical imaging modalities and the advanced 3D 
reconstruction techniques provide qualitative and partially quantitative technique 
for diagnosing pathologies. However, they do not provide quantitative information 
of the luminal blood flow patterns and their complex interaction with the blood 
vessel wall, and the resultant hemodynamically driven wall stresses that may lead 
to the wall failure. In order to help the clinician arrive at an informed decision 
regarding the need for a surgical intervention, it is essential to map and quantify 
the stresses developing within the aneurysmal wall. This will offer a much better 
diagnosis of the patient's true condition. However, several steps still need to be 
developed for a framework that will lead to a successful quantitative prediction for 
hemodynamics in the vessels and the influence on the vessel wall. 

Following the limitations of measuring the wall stresses or tissue strength of 
AAA in vivo, computational models offer a robust alternative to calculate such 
properties, and thus help establish the risk of rupture. Using 3D CT reconstructions 
Fillinger et al. [25] have shown that computational models using a static uniform 
internal pressure on a AAA can be 12% more accurate and 13% more sensitive 
than using maximum diameter as a sole predictor for risk of rupture. Further, they 
have studied the impact of wall stress as related to diameter on aneurysm rupture 
and progression [24, 90]. Idealized geometries to measure the effects of variations 
in wall thickness and the effects of including the ILT showing that variations in 
wall thickness generate higher stresses and increased risk of rupture than models 
that use a uniform wall thickness [77-79]. Di Martino el al. [16, 18-20] have 
shown that the presence of ILT can significantly reduce the stress on the wall. 



1.10 F SI Approach 

In recent years FSI simulations, in which the dynamic interaction between the 
AAA hemodynamics and wall deformation is modeled, were conducted by our 
group and others to simulate the biomechanical behavior of the AAA walls [8, 19, 
25, 58, 77, 99]. Those were universally based on the isotropic assumption, in 
which the directional ambiguities associated with abdominal aortic tissue 
mechanical response to stresses-which may play a major role in the behavior of the 
tissue under elevated stresses, cannot be resolved. Recently our group performed 
FSI numerical studies where patient specific 3D geometries were reconstructed 
from CT scans in AAA of differing configurations, both with and without ILT 
[8, 66]. Complex flow trajectories within the AAA lumen indicated a putative 
mechanism for the formation and growth of the ILT. The resulting magnitude and 
location of the peak wall stresses was dependent on the shape of the AAA. Our 
data suggest that while thrombus does not significantly change the location of 
maximal stress in the aneurysm, the presence of thrombus within the AAA may 
reduce some of the stress on the wall. Accordingly, inclusion of ILT and 
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calcifications in stress analysis of AAA is important and will likely increase the 
accuracy of predicting the risk of AAA rupture. 

A proper model for the accurate prediction of stresses developing within the 
AAA wall requires detailed information, including (i) patient specific AAA 
geometry (ii) blood flow parameters and flow patterns (including flow rates and 
pressures at the various phases of the cardiac pulse wall thickness and its vari- 
ability), and (iii) appropriate material models that can describe the mechanical 
response of AAA tissue. Recently, our group [66] fitted experimental data of AAA 
wall specimens [29] to an exponential strain energy orthotropic material model 
[66, 100], further applying a similar model to the orthotropic material model of 
Holzapfel et al. [34] which models the tissue as a fiber-reinforced composite 
material with the fibers corresponding to the collagenous component of the 
material. This material formulation was previously successfully applied to various 
arterial walls, e.g., aorta, coronaries, and carotid arteries [31-38]. 



2 Patient-Based FSI IVIethodology 

A methodology for modeling the biomechanics of AAAs that may eventually lead 
to its rupture is presented, based on advanced material models and AAA geom- 
etries reconstructed from patient specific CT scans. The computational FSI 
approach is presented and discussed vis-a-vis its capabilities for predicting the 
AAA rupture potential and its location. AAA components and the biomechanical 
manifestations of its pathological features such as the ILT and calcifications are 
discussed, while describing aneurysmal disease progression from normal aortas, 
through AAA, to rupture (rAAA). Parametric studies of iliac bifurcation and AAA 
neck angulation are discussed in lieu of the role they may play in an adaptation 
response during the disease progression, as well as effects of hypertension. 

The patient specific AAA FSI methodology follows several steps, schematically 
described in Fig. 1 [117]. AAA geometries were obtained from CT Angiograms as 
part of the routine evaluation of patients with AAA. The images were acquired 
using abdominal CT with intravenous contrast, which is the standard of care for 
AAA disease patients. Thin slice CT scans (CT angiograms) were obtained with 
high resolution CT scanner (0.625 mm slice) as part of the routine evaluation of 
patients. Computerized reconstruction using Medical Metrx Software (MMS Inc, 
NH, USA) was performed using a GE Lightspeed VCT 64-slice scanner. 
Abdominal CT scans were also acquired from patients with normal aortas in order 
to serve as controls and characterize aneurysmal disease progression. 

The ability of the models to predict AAA rupture was studied by reconstructing 
retrospectively ruptured aneurysms in several cases of patients who arrived at the 
Stony Brook university hospital emergency room (ER) with contained ruptured 
AAA (rAAA). In all patients informed consent was obtained retrospectively. The 
protocol was approved by Stony Brook University Institutional Review Boards 
(IRB) Committees on Research Involving Human Subjects. 
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Fig. 1 Schematic diagram of patient specific fluid structure interaction (FSI) approach shows the 
main steps through which conventional patient CT data is used for estimating risk of rupture in 
AAAs. (i) Acquiring CT images from AAA patients, (ii) Reconstruction of abdominal aorta from 
below the iliac bifurcation till above the AAA neck, (iii) Discretization of the geometry to 
generate a computational mesh for FSI analysis, (iv) The FSI results provides the surgeon with 
quantitative mapping of wall stress and strength distribution to assess the AAAs risk of rupture 



The coordinate points and dimensions of patient specific AAA geometry were 
extracted from the CT scans, including anatomical details of the vessel wall, 
lumen, ILT, and calcifications (Ca). For both the normal and pathological 
abdominal aortas, boundaries of the reconstructions were established from just 
below the renal arteries branching until 4.0 cm distal to the iliac bifurcation. Other 
smaller arteries, such as the gonadal and lumbar/spinal arteries, the inferior 
mesenteric artery and the median sacral artery were neglected due to lack of 
information about the blood flow exiting these arteries and their marginal effect on 
AAA hemodynamics. A uniform thickness of 2 mm was assigned to the AAA 
wall, as used in previous studies of patient specific geometries [14, 58, 95, 115]. 
The parallel plane scans were translated into 3D images using image reconstruc- 
tion software packages (Mimics, Materialise, Leuven, Belgium; MMS, Medical 
Metrx Solutions Inc., West Lebanon, NH). Reconstruction of the anatomical 
details of the vessel included the artery wall, lumen, ILT, and calcifications by 
using different layered masks. In a normal abdominal aorta, the outer wall is a 
reinforced fibrous material, which surrounds the blood carrying lumen. Due to 
arterial wall degradation and weakening during aneurysmal disease progression, 
vessel remodeling ensues and the ballooning of the outer wall become prominent. 
This remodeling may also result from the combined effects of hardened calcified 
spots embedded in the wall and the presence of a soft, fatty intraluminal thrombus. 
The reconstructed surfaces were converted into numerical meshes using a grid 
generation package (Gambit, Ansys Inc, NH, USA). The three-dimensional 
geometry was finally discretized into smaller triangular finite elements for further 
CFD analysis or FSI simulations using the software package ADINA (ADINA 
R&D, Inc., Watertown, MA). The fluid domain was modeled with Newtonian 
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Fig. 2 Three-dimensional image reconstruction from patient CT data is performed using masks 
for each two-dimensional slice, a Masks are shown in a two dimensional CT image slice. The 
outer wall is shown in yellow, ILT in blue, calcifications in green, and lumen in red. b Three- 
dimensional rendering of the pathological ruptured structure is performed with further iterative 
smoothing techniques for the segmented surfaces 



blood properties. The solid domain in our formulation was composed of three 
components, the vessel wall, ILT, and calcifications. Modeling the solid vessel 
structure involved mathematical description of the fiber orientation using ortho- 
tropic material formulation [34, 70], which was further customized to fit published 
experimental results in AAA specimens [8, 66, 95]. In the following section, we 
describe the details of the image reconstruction procedure with some representa- 
tive ruptured AAA cases. 



3 Image Reconstruction of AAA Geometries 



The steps that are involved in the reconstruction of patient based AAA models and 
their adaptation to FSI simulations are presented for the case of model recon- 
structed from ruptures aneurysms. Several cases of patients who arrived at the 
Stony Brook university hospital ER with contained ruptured AAA (where the 
AAA shape was still contained), were studied as described above. Layered masks 
were automatically segmented in Mimics software with some manual adjustment 
in cases where ambiguities made it difficult to discern between soft tissue 
boundary of the ILT and outer wall. Those were carefully reviewed by a physician. 
Three-dimensional structures were subsequently rendered in Mimics with further 
iterative smoothing. Masks for the outer wall, intraluminal thrombus, calcifica- 
tions, lumen, and surrounding bone tissue, allowed for the generation of a cohesive 
three-dimensional image set which portrayed the pathological details of each 
particular case in proper anatomical context. After observation of the three- 
dimensional isosurfaces (Fig. 2), high variability in AAA geometries was appeirent 
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Fig. 3 Structure and components of ruptured AAA (rAAA) used for the numerical simulations, 
reconstructed from patients CT scans, a Rendering of the first rAAA where a lateral rupture 
occurred at the AAA bottom, from left of center above the iliac bifurcation till above the left iliac, 
b Rendering of the second rAAA where a lateral rupture occurred superior to the ILT across the 
widening inlet of the aneurysmal neck. The composite of the AAA components depicts the 
(a) lumen of the AAA {red) relative to the skeletal bone structure, (b) intraluminal thrombus 
added (lUl-blue) and (c) calcifications (green) and the outer wall {yellow, transparent) 



from these rAAA reconstructed cases, highlighting the need for a patient-specific 
approach. 

Reconstructed geometries of two rAAA cases are depicted in Fig. 3, classified 
as fusiform aneurysms. The abdominal aorta descends normally slightly to the left 
of the midline in both cases until approximately L2 vertebra, after which the 
aneurysmal bulge can be observed. The aneurysmal rupture line of the first patient 
(Fig. 3a) was located at the iliac bifurcation superior to the left common iliac 
artery and inferior to the aneurysmal bulge and ILT. The first patient had several 
calcifications embedded circumferentially below the ILT at the region of rupture. 
The second patient (Fig. 3b) exhibited rupture superior to the ILT along the 
widening neck inlet of the aneurysmal bulge, with a single micro-calcification (Ca) 
at the region of rupture. Lcirger calcified plaques were observed in this patient, 
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surrounding the aneurysmal bulge and the iliac arteries. The ILT of the first patient 
was posterior to the luminal aneurysmal bulge while the ILT of the second patient 
was anterior to the luminal aneurysmal bulge. Figure 3a and b depict the lumen 
(red) in relation to the skeletal bone structure. In this figure we also show the ILT 
(blue) in relation to the lumen, the calcifications (green) with the aneurysmal wall 
(yellow and transparent) surrounding the various ruptured AAA components. 



4 Characterization of the Biomechanical Behavior of the AAA 
Wall Under Stress 

4.1 The Need for Anisotropic Wall Properties in the Prediction 
of Risk of Rupture in AAAs 

In recent years FSI simulations, in which the dynamic interaction between the 
AAA hemodynamics and wall deformation is modeled, were conducted by our 
group and others to simulate the biomechanical behavior of the AAA walls [8, 19, 
25, 58, 77, 99]. Those were initially based on the isotropic assumption, in which 
the directional ambiguities associated with abdominal aortic tissue mechanical 
response to stresses-which may play a major role in the behavior of the tissue 
under elevated stresses, cannot be resolved. There was a need for modeling these 
directional ambiguities and the actual stress field on the aneurysmal wall due to the 
collagen fiber orientation. Several studies to address the role of anisotropy of the 
aortic wall in pathological conditions were performed in recent years by our group 
and by others [65, 66, 69, 70, 118]. In this section we describe the isotropic and 
anisotropic formulations for the wall material models used in the FSI simulations 
performed in the patient specific AAA geometries described above, as well as the 
mathematical formulation for solving the blood flow dynamics and the coupling 
with the aneurysmal wall in patient-based AAAs models reconstructed for the FSI 
modeling. 



4.2 Stress Distribution of the Aortic Wall 

The arterial wall is a composite deformable structure that exhibits a non-linear 
stress-strain relationship with exponential stiffening at high stresses. This stiff- 
ening effect results from the embedded mesh of collagen fibers which lead to the 
characteristic anisotropic mechanical behavior of arteries [8]. Figure 4 depicts 
typical stiffening effect in the aortic wall for normal aortic wall and pathological 
aneurysms [93]. Loading beyond the viscoelastic limit (exceeding the normal 
physiological range), is characteristic of pathologies such as an expanding 
aneurysm and results in deformation that is associated with inelastic effects. 
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Fig. 4 The stiffening effect of abdominal aortic aneurysm (AAA) wall as compared to healthy 
abdominal aortic (AA) tissue. Stress-strain curves shift to the left (bottom), adapted from [93] 



This overstretching leads to dissipation effects where elastoplastic effects may 
become evident, following a general continuum description of the hyperelastic 
stress response of the material to the deformation [34]. The strain energy function 
was used to model the vessel wall as fiber-reinforced composite material with the 
fibers corresponding to the substructures components of the AAA that influence 
the vessel remodeling such as the ILT and embedded calcifications (Fig. 3). 



4.3 Material Properties of the Aortic Wall 



Both isotropic and orthotropic material model formulations were employed in this 
study in order to compare the predictions of the anisotropic model to the more widely 
used Mooney Rivlin type of hyperelastic isotropic material model. The orthotropic 
material formulation models the arterial wall as a composite deformable structure 
that exhibits non-linear stress-strain relationship with exponential stiffening at high 
stresses. This stiffening effect results from the embedded mesh of collagen 
fibers which lead to the characteristic anisotropic mechanical behavior of arteries 
[27, 34, 68]. A schematic representation of the approximate collagen fiber orientation 
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Fig. 5 a Anisotropic vessel wall material stress-strain curves, using the orthotropic model 
formulation (directions of the fibers defined by the angles, a,, and a^,, which are offset from the 
material axes-inset). A replication of bi-axial testing of AAA arterial wall specimens was 
conducted numerically in order to validate the model parameters, b Boundary conditions for the 
fluid domain. Velocity and pressure waveforms imposed at the inlet and outlet. Inlet peak systolic 
flow occurs at 0.25 s and peak systolic pressure at 0.32 s 



in the abdominal aortic wall is depicted in Fig. 5. A typical value of the angle 
between the two families of fibers was extracted from the literature [66, 69, 70]. 

We employ higher order terms in the isotropic Mooney-Rivlin (M-R) strain 
energy function [12] to account for the departure from neo-Hookean/Gaussian 
behavior at large stretches, combined with the Holzapfel orthotropic [34, 70] 
material formulations. The Holzapfel orthotropic formulation models the vessel 
wall as a fiber-reinforced composite material, corresponding to the collagenous 
component of the material. This orthotropic material formulation has been used for 
modeling the biomechanical behavior of various arterial walls, such as coronary 
and carotid arteries [34, 38]. Similar models that combine higher order isotropic 
terms with Fung type exponential terms have been used recently to describe the 
properties of atherosclerotic coronary arteries [9, 83, 119]. Those are described 
below. 

Higher order terms were used to formulate ly and in some cases I2 to account 
for the departure from neo-Hookean/Gaussian behavior at large stretches. Such 
models work well in capturing different deformation states at moderate to large 
deformations [9]. For the isotropic part, several combinations of higher order 
terms (including Fung type exponential terms) were used. The family of gen- 
eralized polynomial strain energy models containing higher order // and I2 terms 
offer a better fit to experimental data. These phenomenological models may yield 
unstable constants, unless Drucker stability is achieved when the tangential 
stiffness matrix (Hessian) is positive. Drucker stability was achieved for our 
model (while helping us achieve a much better fit to experimental specimen 
biaxial stretching data-as shown later on below). The justification for using such 
formulations follows: 
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A general Rivlin formulation [67] can be expressed as: ^',^0 = 

J2Ti=o^iji^i — 3)'(/2 — 3)-' where a first term only represents the neo-Hookean 

behavior. The classic Mooney Rivlin formulation: H" — Ci(/i — 3) + C2{h — 3) 
added a second order term. Using the higher order // terms works well for 
moderate to large deformations. Accordingly, higher order terms were added 
since in many models, e.g., the Yeoh model. Fung type exponential material 
models either replaced the higher order terms, or added to them. Several 
investigators have used higher order terms in ly and in some cases in I2 to 
account for the departure from neo-Hookean/Gaussian behavior at large stret- 
ches. It has been proposed to use an increasing order terms- with caution, for 
capturing better the different deformation states at moderate to large deforma- 
tions [9]. Few examples follow: 

The Yeoh model : "^y = Ci(/i - 3) + C2{h - if + Ci{h - 3)^ 
or the Gent model which is composed of n -I- i terms of the first invariant: 



^ -^ 
^^"6 



(/i - 3) + ^{h - 3f + -^(/, - 3) V . . . + j—^ih 3)"+' 
2Jm 2J^ [n + IjJ'm 



Other researchers have used an isotropic incompressible Fung type exponential 
potential energy function [12, 15]: "Pf = f [exp(|(/i - 3)) - l] 

Recently, several researchers employed a mixed formulation (similar to our 
formulation), e.g., for the isotropic material of carotid arteries: 

W = Ci(/i - 3) + Ciih - 3)+Di (e^^(^'-3' - 1 

Ii=Y,Cii^h = '/2[ll-CijCij] 

where /i and I2 are the first and second strain invariants, C is the right Cauchy- 
Green deformation tensor [85, 119]. One caution regarding the use of phenome- 
nological higher order Ij models is that the constants chosen should be realistic and 
create stable constitutive responses in all deformation states. Stability (Drucker 
stability) is achieved when the tangential stiffness matrix (Hessian): 



Hijki == , . IS positive. 

OEijGSkI 

Such continuum mechanics invariant-based constitutive models were found to 
be successful in correlating better to experimental results in the specimen. Strain 
energy expressions which contain a polynomial series including higher order /; 
terms are, in effect, capturing the non-Gaussian nature of the network stretch 
behavior. Strain energy expressions which contain the second invariant of stretch, 
I2, and mixed formulation as above overcome the problem of formulations such as 
the Mooney-Rivlin model which are found to be overly stiff in certain types of 
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Table 1 Material properties for the fibrous wall used in the FSI simulations 

Isotropic coefficients Anisotropic coefficients 

k, (Pa) k2 a^° flb° 

94.75 5° 265° 



deformation. As described above, caution is advised whenever a phenomenolog- 
ical model is fitted to data because the best fits may be achieved with unstable 
constants. Precise fits are indeed possible- as demonstrated by our model (below), 
but such precision comes at the expense of increased model complexity viz the 
many constants and data sets required. 

We indeed expanded the Holzapfel model to include a higher term and expo- 
nential term in the isotropic part, in addition to Holzafpel's orthotropic terms: 

The isochoric elastic response for our isotropic material model formulation, 
^iso, is given in Eq. 1. 

>?,,„ = Ci(/, - 3) + C2(/i - l>f+D, (e«^(^'-3) - l) , h= tr{Cij). (1) 

Where /i is the first invariant of the Cauchy-Green deformation tensor. The 
isochoric elastic response for the orthotropic material model formulation, '^aniw^ is 
given in Eq. 2. 



^"-^XV"'-"-\ 



'• /=4,6 

74 = /"'/^Cy(«<,),-K),-, J6^r''^Cij{nh)f{nb)j, / = det(Cy) 



(2) 



Where J, is the third invariant of the Cauchy-Green tensor C^, n.j and ni, are the 
directions of the fibers defined by two angles, a^ and ay, which are offset from the 
material axes [70]. A displacement-pressure finite element formulation was used 
where the pressure is not a part of the potential function, ^P, and is separately 
interpolated [83]. The combined strain energy formulation above [66] produced 
excellent fit to previously published biaxial stretching experimental data with AAA 
specimen [95]. The parameters that best fit the model are shown in Table 1 
(R^ — 0.99). The ILT material was modeled as linear elastic with a Young' s modulus 
of 0. 11 MPa and a Poisson ratio of 0.45 [16, 58]. Calcifications (Ca) were assumed to 
behave as a stiff isotropic material with properties summarized in Table 1 [7, 98]. 



4.4 Adjustment of the Material Model to Experimental Data 

After guaranteeing that the constants chosen are realistic and stable constitutive 
responses in all deformation states, the Drucker stability was tested by calculating 
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the tangential stiffness matrix (Hessian) and establishing that it is positive. The 
combined strain energy formulation described above produced excellent fit [66] to 
previously published AAA arterial wall specimens that were tested by biaxial 
stretching [95, 100]. The stress-strain relationship in the circumferential and 
longitudinal directions was matched against the experimental results [66] to pro- 
duce the stress-strain curves in Fig. 5 that were employed in the FSI simulations. 



5 FSI Formulation for AAA Numerical Simulations 
5.1 Governing Equations 

The fluid domain is governed by the Navier-Stokes and the continuity equations. 
The Arbitrary Lagrangian-Eulerian (ALE) moving mesh approach was utilized for 
re-meshing the fluid domain at each time step. The momentum and continuity 
equations for the fluid domain are shown in Eqs. 3 and 4 for a moving reference 
frame. 

V ■ g = 0, continuity, (3) 



8f 



— ' — > —•2 

) • V^ ) — —Vp + ^(V q fluid momentum. (4) 



Where q is the fluid velocity vector and q^ is the local coordinate velocity 
vector, p is the static pressure, p the blood density and p is the dynamic viscosity. 
The numerical simulations utilized direct coupling between the fluid (blood) and 
solid (vessel wall) domains. Large strains and large deformations were considered. 
The dynamics of the flexible wall were calculated using the linear dynamics 
response of the system shown in Eq. 5. 

M\] + CTJ + /<:U = R, solid momentum (5) 

M, C and K, represent mass, damping and stiffness matrices respectively. R is 
the vector of externally applied loads. U, U and U are the vectors of acceleration, 
velocity and displacement of the structural domain. A first order finite-element 
scheme was used to solve the set of solid motion and fluid flow equations using the 
commercial software Adina (ADINA, ADEMA R&D Inc, Watertown, MA). 



5.2 Boundary Conditions 

For the fluid domain, the pressure and velocity waveforms were prescribed at the 
outlet and inlet of the AAA geometry, respectively. At the inlet, the velocity 
waveform spans the entire cardiac cycle with velocity range from 0.3 m/s to 
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—0.05 m/s, and outlet pressure boundary condition with range between 123 and 
83 mmHg, as shown in Fig. 5b. Blood was modeled as a Newtonian fluid, with a 
density of 1,050 kg/m3 and a viscosity of 3.5cP [66] and the flow was considered 
laminar. The flow and pressure waveforms applied were extracted from Olufsen 
et al. [57]. A no-slip condition was applied at the wall boundaries. Due to the com- 
plexity of the geometries, residual stress field in the unloaded configurations was not 
considered. Instead, all models were assumed to be initially at zero stress state, followed 
by initial stress loading that was achieved by pressurizing the AAA from to 90 mmHg 
with zero flow for 1 s, before the FSI waveforms were applied at the inlet and outlet. 
For the solid domain, all degrees of freedom were fixed at the inlet and outlets. 



5.3 FSI Interface Conditions 

For the FSI interface the following conditions were applied: (i) displacements of 
the fluid and solid domain are compatible, (ii) stresses at this boundary are at 
equilibrium, and (iii) no-slip condition for the fluid. These interface conditions are 
given in the Eqs. 6-8. 

ds = df (6) 

a^ X n — Gf X n (7) 

4s = Qf (8) 

where c, d, q, n are the vector of displacement, the stress tensor, the velocity 
vector and the normal vector on the boundary. The subscripts i',/indicate the solid 
and the fluid [91]. 



5.4 Wall Strength and Rupture Potential Index 

A statistical model based on non-invasive means to assess the regional in vivo wall 
strength distribution was employed [96]. It lumps together significant clinical and 
geometric predictors to yield a local value of the wall strength, Eq. 9: 

Strength =71.9 - 37.9(lLT^^^ - 0.8l] - 15.6{N0RD - 2.46) - 21.3 HIST 

+ 19.3 SEX. 

(9) 

where ILT is the local attached ILT thickness in cm, NORD is the local diameter 
normalized to the diameter of non-aneurysmal aorta (infrarenal) estimated from 
the patient's age and sex [63]. HIST is the family history (I/2 with history, —V2 
without history) and SEX is patient's gender (Vi male, —V2 female). More details 
about the model can be found elsewhere [96]. 
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This model is used to generate 3D mapping of the wall strength that is then 
compared to the local stress distribution, to generate a map of a rupture potential 
index (RPI), defined as the ratio between the locally acting wall stress (calculated 
by FSI) and the local wall strength: 



Local wall Stress obtained from FSI [N /• 



cm 



21 



RPI = '-—- — ^-^^ '-. (10) 

Local wall Strength [N /cm^\ 



Each global predictor variable, e.g., family history and AAA size, was obtained 
from each patient's hospital chart, while spatially varying predictor variables, local 
diameter and ILT thickness, were measured from CT images. 



5.5 Blood Flow Velocity Measurements within the AAA 

Our current studies were retrospective for the pathological cases, meaning that the 
patient specific boundary conditions at the time of CT scan were not known. The 
velocity at the inlet of the aneurysm and pressure at the outlet, and the corre- 
sponding specific waveforms for AAA were taken from the literature [57]. 



6 FSI Simulations of AAA 

The main goal of the FSI methodology is to employ patient specific AAA 
geometries, including its pathological components and hemodynamic conditions, 
and incorporate in the modeling biomechanical considerations in order to augment 
and refine AAA diagnostics as to be able to predict the AAA risk of rupture. We 
present herein a series of numerical studies that elucidate the effect of various 
pathological parameters like the AAA geometry, the material properties of the 
aortic wall, the ILT, the calcifications (Ca). In addition, we present parametric 
studies performed in idealized streamline AAA model intended to examine the 
effects that the iliac arteries bifurcation angle, the neck angulation, and hyper- 
tension and may have on aneurysmal disease and its progression. 



6.1 Role of ILT 

Patients, with different AAA geometries and ILT distribution (Fig. 6), were 
studied and compared in detail. The complete geometry included both the vessel 
wall and the intraluminal thrombus. The ILT in the first AAA occupied a signif- 
icant part of the aneurysm volume. The second AAA ILT mostly occupied the 
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Fig. 6 Two patient-specific 
3D reconstructed CT images 
of abdominal aortic 
aneurysms (AAA) (top) with 
ILT indicated in red {bottom) 






upper half of the aneurysm. In order to address the question whether the presence 
of an ILT serves to protect the aneurysm against rupture, both patients' AAAs 
were studied with and without ILT. Blood particulates flow pathlines and wall 
shear stresses (WSS) in one of the AAA are depicted (Fig. 7). In both AAAs a 
large amount of particles were recirculating along complex flow trajectories with a 
long residence time within the AAA sac. The deposition patterns resulting from 
such flow recirculation regions offer a viable mechanism for the formation and 
growth of the observed ILT in both AAAs [8]. The wall shear stress contours 
(Fig. 8, right), depicted lower values within the AAA sac, and higher values on the 
wall opposing it. Von Mises stresses within the vessel walls, with and without ILT, 
are depicted in Fig. 8 for the first AAA. The peak stress was 87 N/cm without 
ILT and 58 N/cm with ILT. For the second AAA, peak wall stress reduced from 
41 N/cm^ without ILT, to 31 N/cm^ with ILT, indicating that the ILT does offer 
some reduction in peak stress, and should be taken into account when surgical 
intervention is decided [8]. The proposed methodology clearly indicates that risk 
of rupture is dictated by the interaction between hemodynamic forces and the wall 
stresses, and that aneurysm size is too crude of an indicator for an informed 
decision regarding the need for surgical intervention. Further, it points to the 
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Fig. 7 Complex flow 
patterns within AAA without 
ILT (left), and the resulting 
flow induced wall shear 
stresses (right) 



Fig. 8 Higher von Mises 
stress concentration within 
AAA wall in the absence of 
ILT, indicating potential 
rupture 




AAA Without ILT 



AAA with ILT 



locations were rupture may be expected to occur as depicted in Fig. 8 for the AAA 
without ILT, giving clinicians a refined clinical diagnostic tool. 



6.2 Anisotropic Versus Isotropic Wall Properties Modeling 



In order to accurately model the AAA wall stresses, patient specific AAA geometries 
were studied employing a fully coupled FSI approach using the anisotropic material 
model described earlier. This model was matched to experimental measurements of 
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Fig. 9 Marked diflferences in 
wall motion between 
anisotropic and isotropic 
material models for a saccular 
aneurysm 



Fig. 10 Stress distributions 
for isotropic and anisotropic 
models (with ILT) during 
peak systole on the 
aneurysmal wall showing 
higher stresses for the 
anisotropic model 
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AAA wall specimens [95] and incorporates directional stiffness due to fiber orien- 
tation within the arterial wall [33, 34]. The anisotropic model was compared to a 
Mooney-Rivlin type of isotropic hyperelastic model [66]. Comparing the results of 
the FSI simulations demonstrate a marked difference in the wall motion between the 
two models, with the anisotropic one exhibiting larger rotation and deformation 
(Fig. 9). For this specific patient based geometry the maximal wall stresses were 
observed in the areas where the ILT was not present. It predicted higher wall stresses 
indicating that the use of an isotropic material model may underestimate the AAA 
risk of rupture (Fig. 10). These marked differences are also shown in Table 2 for the 
case of fusiform aneurysms and normal subjects. 



6.3 Blood Flow Through Normal and Aneurysmal Aortas 



Velocity vector fields for all cases are presented in Fig. 11a, 0. 15 s after peak systole 
of the cardiac cycle. This specific time was chosen because distinct flow patterns that 
are relevant to aneurysmal disease are prominent at this phase of the cardiac cycle. 
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Table 2 Summary of the von Mises and principal axis p\, 
logical aortas 



stresses for the nornial and patho- 



Subject 


Max 


Peak wall stress (isotropic, 


von Peak wall stress (anisotropic, 


RPI 




diameter 


Mises, MPa) 




Pi stress, MPa) 






(cm) 










Nl 


1.63 


0.35 




0.37 


- 


N2 


1.80 


0.44 




0.54 


- 


n-rAAA 


4.60 


0.50 wILT 




0.65 wILT 


- 






-wILT & 1 Ca 




0.70 wILT & 1 Ca 


- 


rAAA 1 
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1.09 wILT 




1.37 wILT 


0.8 






1.23 wILT & 3 Ca 




1.54 wILT & 3 Ca 


- 


rAAA2 


7.8 


2.10 wILT 




2.17 wILT 


0.95 






2.16 wILT & plaque 


Ca 


2.18 wILT & plaque Ca 


- 



During peak systole, flow patterns in normal aortas show similar characteristic 
velocity profiles, with peak values reaching Vf^i — 0.36 m/s and v^ra = 0.37 m/s, 
respectively in the abdominal aorta region. At end diastole, peak velocities decrease 
to vati = 0.03 m/s and v^i — 0.023 m/s. The FSI simulation of normal subject 1, a 
19 y/o female, does not show any visible recirculation zones during diastole. On the 
other hand for normal subject 2, a 66 y/o female, a distinct recirculation zone appears 
in the abdominal aorta during diastole, due to slight widening of the lumen superior to 
the iliac bifurcation as compared to the vessel inlet [118]. 

For all aneurysmal cases the flow patterns during peak systole change dramati- 
cally as compared to healthy aortas. The abrupt expansion from the aneurysm neck 
to the dilated AAA lumen, typical of AAA disease induces a rapid decrease in the 
velocities- coupled with the formation of complex flow patterns. Peak velocities for 
the rAAA simulations reduce to Vyaaax — 0.04 m/s in the aneurysmal area (0.36 m/s 
at the neck of the aneurysm) and Vyaaai — 0.07 m/s in the aneurysmal area (0.34 m/s 
at the neck of the aneurysm). During diastole, large, diffuse, recirculation zones are 
formed in both rAAAs models. These large recirculation zones span almost the 
entire diameter of the aneurysmal bulge. In both pathological cases, smaller recir- 
culation zones can be observed in the flow field, occurring either at the inlet of the 
aneurysm or close to the stagnation area of the iliac bifurcation during diastole, 
producing highly complex flow patterns. Maximum velocity during diastole is 
VrAA4i = 0.015 m/s and VyAAAi = 0.023 m/s, respectively. 

The abrupt changes in the velocity field within the aneurysm and the apparent 
changes in the flow patterns result also in significant changes in the luminal pressure 
distribution as compared to the normal aortas at peak systole. At peak systole the 
typical blood pressure acting on the wall at the normal aortas 1 cm above the iliacs 
was 120.4 mmHg, where in the pathological cases it was, 122.5 mmHg for rAAAl 
(2.1 mmHg higher) and 122.8 mmHg for rAAA2 (2.4 mmHg higher). The blood 
pressure during diastole was also higher in the pathological cases as compared to the 
normal cases. For instance at 60% of the cardiac cycle (early diastole) the pressure in 
the normal aorta 1 cm above the iliacs was 104.5 mmHg whereas the pressure at 
the same location was 104.9 mmHg (0.4 mmHg higher) for both ruptured AAAs. 
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Fig. 11 a Coronal cross section view of velocity vector fields 0.15 s after peak systole depicting 
aneurysmal disease characterization. Marked differences are evident in the flow patterns and the 
velocities of normal to pathological aortas b Von Mises stress in the aortic wall for the isotropic 
material model formulation and c Principal axis stress, pj in the aortic wall for the anisotropic 
material model formulation 

The pressure in the ruptured AAAs also remained almost constant throughout the 
aneurysm and drops abruptly in the iliacs, in contrast to the normal cases where the 
pressure was dropping linearly downstream. This indicates that in AAAs there is an 
increase in the pressure acting on the aortic wall that is not compensated by the 
expected downstream pressure drop. 

WSS distributions during peak systole indicate that rAAA have significantly 
lower overall WSS (peak values WSSrAAA\ = 0.3 Pa, WSSrAAAi ~ 0.27 Pa) as 
compared to normal aortas (peak values WS'S'Afi = 1.87 Pa, WSSm ~ 2.4 Pa), at 
peak systole. However, there are small local regions in rAAAs close to the 
aneurysmal necks and superior to the ILT locations where the WSS levels remain 
high throughout the Ccirdiac cycle [118]. 



6.4 Wall Stress Distributions within the Abdominal Aortic Wall 
in Ruptured AAA 



Results of FSI simulations during peak systole with isotropic and anisotropic wall 
formulations are presented in Table 2 and Fig. 1 lb and c, with von-Mises stresses 
reported for the isotropic simulations and principal axis (pi) wall stresses reported 
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for the anisotropic simulations, respectively. There is a general trend of rising wall 
stresses from normal aortas to non-ruptured and ruptured AAAs. Isotropic simu- 
lations for normal aortas reach a maximum peak systolic von Mises stress of 0.35 
and 0.44 MPa, respectively. Ruptured AAA cases produce much higher wall 
stresses, with maximum von Mises stresses reaching (JvM tAaai — 109 MPa and 
0'vAfrAA42 = 2.1 MPa during peak systolc, respectively. The FSI anisotropic material 
simulations (Fig. lie) follow the same trend with principal axis stress, pi signifi- 
cantly increasing from normal to pathological cases. Normal subject models predict 
peak values of piN\ — 0.37 MPa and pim = 0.54 MPa, respectively. Ruptured 
AAA cases reach peak values of pi i-aaai =1.37 MPa and pi rAAAi ~ 2.17 MPa, 
respectively. It should be noted that the model of the smaller ruptured aneurysm 
(rAAA2 — 7.8 cm) exhibited much higher peak stress (58% higher) than the larger 
one (rAAAl — 10.6 cm). 

All anisotropic simulations showed higher peak wall stresses as compared to the 
isotropic material model formulation. Specifically, in the normal aortas there was a 
stress increase of 6% for the first case and 22.7% for the second case when 
applying the anisotropic material model formulation. For the pathological cases 
this increase was 25.7% for the first rAAA and 3.3% for the second rAAA. On 
average, there was a 378% increase in peak wall stress when comparing the first 
normal case to the two ruptured AAA cases (for the anisotropic material formu- 
lation). Both von Mises distribution for the isotropic material formulation and 
principal axis stresses distribution for the anisotropic material formulation became 
highly non-uniform as the vessel wall progressed from a normal to an aneurysmal 
pathology. 



6.5 Prediction of the Rupture Location-Studies in Patients 
with Ruptured Aneurysms 

The FSI simulations performed in both patients with ruptured AAA indicated 
highest stresses along the actual rupture line (Fig. 12, first rAAA), with excellent 
agreement between the two. In these simulations the highest stresses occurred on 
the anterior side of the AAA (opposite to the ILT). For the first patient with 
ruptured AAA configuration (first rAAA), the ILT seemed to offer a significant 
protective effect by reducing the aneurysm (Fig. 12, inset). The calcifications 
(green) embedded along the rupture line create stress concentration (unlike the 
bigger calcifications that appear deposited (not embedded) on the wall). While 
indicating that the neck area could have been a potential location for a secondary 
rupture, the peak stress values (1.37 MPa for the anisotropic formulation, occur- 
ring at peak systole at 305 ms from the start of the cardiac cycle) were prominent 
in the rupture area. For the second patient with ruptured AAA (second rAAA 2, 
Fig. 11) the FSI simulations predicted multiple locations of stress concentrations. 
One of the locations of stress concentration close to the neck of the aneurysm 
coincided with the rupture line and had the highest values (2.17 MPa for the 
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Fig. 12 Location of the maximal wall stresses overlaps the actual rupture region. The inner top 
panel (left) shows the lumen with calcifications above the bifurcation and the left iliac branch. 
The actual rupture line (dashed) is superimposed on the wall surrounding it (yellow). The right 
panel shows the wall stress contours, with stress concentration along and around the rupture line 

anisotropic formulation, occurring at peak systole at 305 ms from the start of the 
cardiac cycle). The other stress concentration locations were predicted on the 
anterior side of the AAA (opposite to the ILT) indicating that the ILT seemed to 
offer a protective effect for this patient. 



6.6 Role of Calcifications in AAA 



Calcification within the aneurysmal wall may have a deleterious effect on the wall 
integrity and may further increase the risk the AAA risk of rupture. We have incor- 
porated wall calcifications obtained from patient specific scans in our models [65]. 
To study the effect of calcifications in AAAs we divided the calcified spots into 
two broad categories. The first type of calcifications is defined as small calcified 
spots (small-Ca) — such as those appearing near the location of rupture, with a 
maximum diameter smaller than 4.0 mm. The second type of calcifications is the 
large plaque-like calcified spots. FSI simulations were performed for the non- 
ruptured and ruptured AAA with and without the presence of small or plaque-like 
Ca for comparison purposes. In the non-ruptured AAA, a small-Ca embedded in 
the wall, distal to the ILT location, increased the local stress within the wall by 
36.8% as compared to the FSI simulation without the small-Ca for the anisotropic 
material wall model formulation. In the case of the first rAAA, a series of three 
small-Ca in close proximity to the rupture location (based on the CT images) also 
increased the peak stresses by 12.8% as compared to the FSI simulation without 
the small-Ca for the isotropic material model wall formulation and by 12.4% as 
compared to the FSI simulation without the small-Ca for the anisotropic formu- 
lation, respectivley. An additional FSI simulation performed for a larger, plaque- 
like Ca, reconstructed from CT data for the second rAAA, indicated a reduction of 
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Fig. 13 AAA cross-section showing tlie wall, ILT, and wall calcification (left). Wall stresses 
extracted from the FSI patient-based simulation shows high stress concentration propagating 
around the calcification 

the local wall stresses near the calcification by 21% as compared to the FSI 
simulation without the plaque-like Ca (for both material model formulations). 
Results for the effect of calcified spots in rAAAs at the location of rupture are 
summarized in Table 2. 

Figure 13 depicts a cross-sectional area of the patient-specific AAA (shown in the 
detail on the top left corner). The AAA modeled is composed of the thin tissue wall, 
(red) ILT (olive), and the calcification (embedded in the wall — white). The wall 
stresses extracted from the FSI patient-specific simulation are presented (right). The 
lowest stress levels are found within the ILT. There is a high stress concentration region 
propagating around the calcified spot, corresponding to the highest wall stress level 
found in the AAA wall. Comparing the peak stress in the case with the calcification 
inclusion (0.65 MPa) to a simulation in which the calcification was removed 
(0.5 MPa) presented a 30% increase in the peak stress, illustrating the role that cal- 
cifications play in weakening the wall and increasing its risk of rupture. This strongly 
suggests that exclusion of calcifications may underestimate the risk of rupture. 



6.7 Wall Strength and RPI 



The wall strength estimation for the ruptured AAA and the resulting rupture 
potential index (RPI — the ratio between the locally acting wall stress from the FSI 
simulations and the local wall strength) for these cases are shown in Fig. 14. The 
RPI calculations (Eq. 10) are based on stress distribution derived from FSI sim- 
ulations without the effect of the calcifications. The range of strength (Eq. 9) for 
the first rAAA was from 50 to 109.2 N/cm^, and for the sec rAAA 2 from 68.7 to 
131.6 N/cm^. The mapping of the RPI indicated several distinct regions of high 
RPI, with at least one coinciding with the actual location of rupture. The RPI for 
both rAAA cases was close to unity, indicating a very high risk of rupture for both 
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Fig. 14 Wall strength mapping and the corresponding rupture potential index (RPI) — 
representing the local wall stress to wall strength ratio, for the ruptured AAA cases. Multiple 
distinct regions of high RPI are observed, with that the highest coinciding with the actual location 
of rupture. The RPI for both cases is close to unity indicating a very high risk of rupture, with a 
higher RPI (0.95) for the smaller rAAA 



rAAAs (Table 2, RPI,aaa\ = 0.8, RPI,aaa2 == 0.95). Similar to the results reported 
above for the peak wall stresses, it is remarkable that the smaller ruptured aneu- 
rysm (second rAAA) reached much higher peak RPI values [118]. 



6.8 Parametric Studies in Idealized AAA Geometries-Effects 
of AAA Neck and Iliac Arteries Angulation 



In these parametric studies, the effects of AAA iliac bifurcation and neck angles on 
stresses developing within the AAA wall was studied using streamlined ideal AAA 
geometries with 5 cm diameter aneurysms (Fig. 15). The iliac bifurcation angles 
ranged between q> — 30° and 150° and AAA length, /, was 12.5 cm from the neck 
to the base of the bifurcation. The vessel wall was composed from a single material 
with uniform thickness of 2 mm. In addition, the effect of the AAA neck angu- 
lation was considered (ranging from 9 = 0°, to 40°). 

Typical pressure and velocity waveforms were prescribed at the outlet and inlet 
of the AAA geometry, respectively, covering the complete cardiac cycle (velocity 
ranging from 0.3 to —0.05 m/s and outlet pressure boundary condition ranging 
between 123 and 83 mmHg). Blood was modeled as Newtonian fluid, with a 
density of 1035 kg/m"* and a viscosity of 3.5 cP [66]. All AAA models were 
assumed to be initially at zero stress state. FSI simulations were performed for nine 
iliac bifurcation angles (30 -150 ). While the peak stresses at 50 , 100 and 120 
bifurcation angles decreased (Fig. 16), the trend of increasing peak stress with 
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Fig. 15 a Ideal AAA 
geometry and the angles for 
the iliac bifurcation, ip, and 
the neck of the aorta, 9. 
b Boundary velocity 
waveform used at the inlet of 
the AAA and pressure 
waveform at the outlet of the 
iliacs 
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increasing angulation remained. The mean wall stress in the whole domain showed 
a diiferent behavior, with an overall decrease of the mean with increasing iliac 
angle. The complex relationship between iliac angulation, the peak stress (as well 
as its location-not shown), and the mean stress values, results from the complex 
fluid structure interaction where different hemodynamic patterns are generated 
within the AAA lumen because of the varying angulation [116]. It strongly sug- 
gests that iliac angulation should be considered when diagnosing an AAA patient 
condition. This may also offer a glimpse into possible mechanisms of adaptation 
response of the abdominal aorta with aneurysmal disease progression. 

The contribution of AAA neck angulation (at the AAA inlet) on the wall 
stresses was studied (Fig. 16). The FSI simulations predict a general trend of 
increasing peak wall stress with increasing neck angulation, indicating an increase 
in rupture risk. Analysis was performed for the peak von Mises stress and the mean 
stress for the whole wall domain. At zero inlet angle the peak stress was 0.57 MPa. 
As the neck angle increased the peak von Mises stress increased, with a maximum 
of 0.93 MPa at 20 . After that, a slight decrease of the peak stress was observed 
(0.81 MPa at 40 ). Conversely, a substantial decrease of the mean stress was 
observed as the inlet angle increased (9.5% for the case of 40 inlet angulation in 
comparison with inlet angle) [116]. 



6.9 Parametric Studies in Idealized AAA Geometries-Velocity 
Field 



Analysis on the velocity field for two iliac angles (60 and 120 ) shows that the 
maximum velocity magnitude for the 120 angle geometry was 3% lower than the 
maximum velocity magnitude for the angulation of 60 . As the cardiac cycle 
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Fig. 16 Wall stress distribution within the AAA wall and iliacs for 2 representative iliac angles 
{top). The peak stress versus the iliac angle for the whole wall domain, red, and for the 
aneurysmal area only, green, (left). Peak von Mises stress versus inlet angle of the AAA. 
A substantial increase of the peak stress occurs for 20 with a decrease to slightly smaller peak 
stresses for larger angles (right) 



progressed, the flow field developed during diastole into several recirculation 
zones. At early diastole two counter rotating vortices were observed near the inlet 
influencing the inlet jet of the blood entering the aneurysm. These vortices were 
retained throughout the diastolic period but lost energy towards the early systole, 
with the forward flow restored. As the cardiac cycle was progressing, this flow 
reversal was reduced and became almost zero during late diastole. This phe- 
nomenon was more pronounced (by 19.5%) for smaller iliac angles (e.g., 60 ), as 
compared to the larger ones (e.g., 120 ). The velocity field is presented in four 
different time frames of the cardiac cycle for the two iliac angles (60 and 120 , 
Fig. 17a and b). The four time frames are: (1) after the peak systole, 0.33 s, (2) 
early diastole, 0.55 s, (3) mid diastole, 0.78 s and (4) late diastole, 0.9 s. The 
velocity fields were similar for both angles at peak systole. 

Analysis on the velocity field for neck angulation studies it appears that a 
breakdown from symmetric vortices at the AAA inlet into a single larger vortex 
significantly increases the wall stress. The velocity field is presented at four 
different time frames of the cardiac cycle for inlet angle of 40 (Fig. 17c). The 
flow field for 40 inlet angle was substantially different from that of (see Fig. 17a 
and b). During systole a stronger jet was observed entering the structure. The 
maximum velocity magnitude difference between and 40 inlet angles was of 
the order of 7%. A small recirculation zone was formed near the inlet. During 
diastole this recirculation zone became more pronounced and dominant. During 
early diastole the vortex near the inlet became broader and influenced the inlet jet of 
blood entering the aneurysm, as compared with the case of zero inlet angle where 
two counter rotating vortices were observed. The vortex was retained during 
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Fig. 17 a, b Velocity field in the aneurysmal area for two different angulations and at four different 
time frames of the cardiac cycle. The four locations for each iliac angle are marked on the inflow 
velocity during the cardiac cycle, c Velocity field in the aneurysmal area for 40 inlet angulation in 
comparison to the flow field of (a) and (b) at four different time frames of the cardiac cycle 

diastole but lost its energy towards early systole, with forward flow restored thus 
reducing the influence of the vortex. 



6.10 Effects of Blood Pressure on AAA Dynamics 



Hypertension plays a very important role in AAA formation, aneurysmal disease 
progression and increased risk of rupture. Accordingly, physicians try to reduce 
systolic/diastolic pressure in patients with AAA. Several studies point to the 
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Fig. 18 The role of hypertension in a fusiform aneurysm, a 30% increase over normal BP to 
emulate hypertension, b 40% increase of wall stress was observed for the hypertensive case 



significant role hypertension has on the rate of growth and the increased risk of 
rupture [28, 81, 97]. We have studied the effect of hypertension on AAA wall by 
performing preliminary FSI simulations that demonstrate the sensitivity of our 
methodology to important clinical parameters that may play a part in aneurysmal 
disease. The geometry used was a patient based fusiform aneurysm reconstructed 
from CT data using MMS image reconstruction software (Medical Metrx Solu- 
tions, Inc.). The pressure was increased by 30% from normal blood pressure 
(120 mmHg systolic over 83 mmHg diastolic) to emulate hypertension with a 
systolic pressure of 160 mmHg and diastolic of 108 mmHg (Fig. 18). FSI simu- 
lation was conducted over two cardiac cycles. The simulation for the hypertensive 
case showed a drastic increase in the wall stresses, predicting a peak stresses on the 
wall of more than 1.0 MPa, as compared to 0.6 MPa for normal blood pressure 
(40% increase in peak wall stress). Higher wall stresses regions (in red. Fig. 18, 
right) appeared larger, especially at the center of the aneurysmal area and along the 
left iliac branch. These simulations clearly indicate that blood pressure readings 
are needed for more accurate prediction of a specific patient condition. 



7 Summary and Conclusions 



The work described in this chapter establishes a patient specific diagnostic 
methodology that integrates medical imaging with FSI simulations, aimed to 
describe aneurysmal disease progression from a biomechanical point of view and 
to refine diagnostic capabilities for predicting AAA risk of rupture. Cases of 
contained ruptured aneurysms were specifically studied in order to test the ability 
of the methodology to predict the rupture location. The effect of various patho- 
logical parameters like the AAA geometry, the material properties of the aortic 
wall, the ILT, the Ca, the iliac bifurcation angle, hypertension and other pertaining 
clinical parameters are discussed accordingly. 
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The goal of the methodology is to complement the current clinical practice by 
predicting more accurately the risk of rupture in AAAs, augmenting traditional 
AAA diagnostics with a refined quantitative and more reliable rupture risk indi- 
cators. As a proof of concept, we have demonstrated that our methodology is 
capable of predicting the location of rupture in several cases of ruptured AAA that 
were studied. FSl simulations with advanced material models showed an 
increasing peak wall stress pattern at progressing stages of the disease, demon- 
strating the capability of the methodology to characterize aneurysmal disease. The 
anisotropic wall simulations showed higher peak wall stresses as compared to 
isotropic material models, clearly indicating that the latter may underestimate the 
AAA risk of rupture. The ILT appeared to provide a cushioning effect reducing 
the stresses, while small calcifications appeared to weaken the wall and contribute 
to the rupture risk. FSI simulations with reconstructed rAAA demonstrated that the 
location of the maximal wall stresses overlaps the actual rupture region. The 
estimated wall strength was reduced at distinct regions of the AAA, and 
the maximum RPI also overlapped the location of the actual rupture. 

Parametric studies of the Iliac bifurcation angle on the pertinent factors of 
aneurysmal disease showed that peak von Mises stress within the AAA indicates a 
general trend of increasing stress as the iliac angle increased. A closer examina- 
tion, by excluding stresses at the iliac bifurcation stagnation point region where 
rupture is unlikely to occur, indicates that there are two local minima at 60 and 
120 iliac bifurcation angles. Anisotropic material model formulation predicted 
higher principal axis stresses than the isotropic formulation. The strong correlation 
between angle and stress is also observed in the anisotropic formulation. Para- 
metric studies of the inlet aneurysmal neck angle showed that peak wall stress 
increased as the inlet angle increased. However, there was a decrease of the mean 
stress as the inlet angle increased. The FSl simulations suggest that the adaptation 
response of the body during aneurysmal disease progression may lead to preferred 
Iliac bifurcation and inlet neck angles that reduce the peak wall stresses in the 
interim. 

These results clearly indicate that the methodology can predict the potential 
location of the rupture, and that when specific geometric and biomechanical 
characteristics of the AAA are incorporated it can indicate the rupture potential of 
smaller aneurysms that would otherwise not be considered prone to rupture. The 
methodology will be readily applicable for analyzing and diagnosing other car- 
diovascular pathologies in which rupture may be imminent, such as intracranial 
aneurysms and vulnerable plaques in coronary and carotid artery disease. We plan 
to validate the proposed methodology by establishing its statistical significance 
with a large enough number of AAA cases. Once validated the clinical endpoint 
could be improved surgical outcomes, reduced mortality rates, and considerable 
savings in healthcare costs. 

Aneurysmal disease and its progression is a very complex multifactorial pro- 
cess. The models intentionally adopt a reductionist approach to make the com- 
putations practical and feasible. However, the FSI methodology is able to offer a 
pretty faithful representation of the aneurysmal wall behavior. We base this 
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assessment on our success with the retrospective analysis of wall stress distri- 
butions in the patient-specific reconstructed ruptured AAAs, where we were able 
to accurately predict the rupture location. The strength of our approach stems from 
the fact that we extract all the information that may be needed to predict AAA risk 
of rupture from data that can be obtained non-invasively, augmenting advanced 
clinical modalities with numerical modeling. 

We envision development of a patient specific diagnostic system that integrates 
medical imaging with biomechanical simulations, to accurately predict the risk of 
rupture in AAA and evaluate therapeutic treatments and improve surgical out- 
comes. Such diagnostic capabilities are essential for procedures in which inter- 
vention is directed at those lesions most likely to become symptomatic. It will 
provide clinicians and surgeons with a refined diagnostic and decision toolkit to 
determine the need for a surgical intervention. This may have a major impact on 
the clinical treatment of patients with aneurysmal cardiovascular diseases. By 
refining the indications for elective surgery and eliminating unnecessary or low 
benefit surgery, the clinical endpoint will be improved surgical outcomes, reduced 
mortality rates, and considerable savings in healthcare costs. 
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Computational Analysis of Displacement 
Forces Acting on Endografts Used 
to Treat Aortic Aneurysms 

C. Alberto Figueroa and Christopher K. Zarins 



Abstract Endovascular repair has greatly reduced the perioperative morbidity and 
mortahty of abdominal aortic aneurysm repair compared to open surgery (Zarins 
et al., J. Vase. Surg 38(6): 1264-1272, 2003). However, endovascular stent-grafts 
are exposed to a number of clinical complications, such as endograft migration (i.e., 
loss of positional stability), stent fractures and endoleaks (i.e., persistence of blood 
flow into the aneurysm sac after device placement). These complications may result 
in life-threatening and costly events such as aneurysm growth, rupture, need for 
secondary procedures, and life-long follow-up with imaging studies. Understanding 
the biomechanical environment experienced by endografts in vivo is a critical factor 
in improving their performance (Figueroa et al., J. Endovasc. Ther 16(3):350-358, 
2009; 284-294, 2009). The loads experienced by aortic endografts are greatly 
dependent on the tortuosity and size of the endograft, as well as on the hemodynamic 
state of the patient. The fixation response of the endograft is determined by factors 
such as the fixation mechanism (radial pressure vs. hooks and barbs), amount of 
"landing zone" (i.e., area where the endograft can physically attach to the aorta), and 
the disease state of the vessel wall at the landing zone. The purpose of this study is to 
review the most common complications associated with endovascular repair of 
abdominal and thoracic aneurysms, and to provide a summary of the state of the art 
of the computational tools used to perform patient-specific modeling of endograft 
dynamics. 



C. A. Figueroa 

Department of Bioengineering, Stanford University, Stanford, CA, USA 

e-mail: cafa@stanford.edu 

C. K. Zarins (El) 

Department of Surgery, Stanford University, Stanford, CA, USA 

e-mail: zarins@stanford.edu 



Stud Mechanobiol Tissue Eng Biomater (2011) 7: 221-246 221 

DOT: 10.1007/8415_2011_73 

© Springer- Verlag Berlin Heidelberg 2011 

Published Online: 22 April 2011 



222 C. Alberto Figueroa and C. K. Zarins 

1 Introduction 

The prevalence of abdominal aortic aneurysms (AAA) has increased 300% over 
the past 40 years. Currently, aneurysm disease affects 5-7% of Americans over 
age 60 and the number of aneurysms is expected to increase dramatically in the 
next years as the population ages [12, 14]. Abdominal aneurysms can be repaired 
using open surgery or endovascular techniques. 



1.1 Open Repair 

In this procedure, a large transperitoneal or retroperitoneal incision is made to 
expose the diseased section of the aorta. Then, the aortic neck and iliac arteries are 
clamped to temporarily interrupt blood flow into the aneurysm. The aneurysmal 
aorta is cut open and the intraluminal thrombus is removed. A Dacron or PTFE 
graft is anastomosed to the infrarenal aorta and common iliac arteries (see Fig. 1) 
and the thrombus-free aneurysm wall is closed over the graft [49]. This procedure 
usually requires a 3-5 h long operation, which is physiologically stressful for 
the patient. Despite the numerous technological advances and improvement in 
perioperative management advances during the last 55 years of clinical practice, 
this approach is still associated with significant operative mortality rates (5 and 
50% for elective and ruptured repairs, respectively) [7, 18]. 



1.2 Endovascular Repair 

Endovascular repair techniques have revolutionized the treatment of AAA dis- 
ease, greatly reducing the perioperative mortality and morbidity associated with 
open surgical repair [5]. These techniques were first introduced in 1990 by Juan 
Parodi [32] using a home-made device consisting of a modified Palmaz stent 
sutured to a Dacron vascular graft to exclude an abdominal aneurysm. The 
stent-graft is deployed in the abdominal aortic region using a catheter guided 
fluoroscopically. Once deployed, the stent-graft forms a new conduit for the 
blood, effectively excluding the weakened aneurysm wall from the direct action 
of blood pressure. The technique requires only small incisions in the groin to 
expose the femoral artery and thus is a safer procedure for the patient than open 
repair. Endovascular aneurysm repair has experienced rapid development and 
wide acceptance during the last decade and has become the primary treatment 
for AAA disease in the USA [15]. While initially the technique was used 
primarily in older patients who could not tolerate the risk of invasive open 
repair, endovascular repair is now used to treat a broad range of patients and 
aneurysm morphologies [8, 16]. This has been possible due to the evolution in 



Computational Analysis of Displacement Forces Acting on Endografts 



223 



^ fk 


s^ 




-1 


L 


V m 


Ci 


& 




fA 




1 


w 


'f 


J\ 




M 


^ 




^\u 



Fig. 1 Left In an open surgical AAA repair, a Dacron graft is manually sutured to the aortic neck 
and common iliac arteries. Right In an endovascular repair, a stent-graft is deployed in the 
aneurysm cavity using a catheter. Adapted from Zarins and Gewertz [49] 



design and fixation characteristics of endografts through the years. Most modern 
devices include supra-renal fixation that enables the use of the device in patients 
with short aortic necks or with aneurysms that extend close to the renal arteries. 
There are currently multiple devices in the market that are very different in 
design (modular vs. unibody), materials (Dacron vs. PTFE; nitinol vs. stainless 
steel or cobalt-chromium), deployment mechanisms (self-expanded vs. balloon- 
expanded) and attachment mechanisms (radial force vs. hooks & barbs), (see 
Fig. 2). 

Despite the aforementioned advantages, endovascular aneurysm repair is not 
free of significant complications, such as late endograft migration (see Fig. 3), 
endoleak formation, fracture of device components, etc. that may result in con- 
tinued aneurysm expansion and the need for long-term imaging surveillance and 
secondary interventions. Furthermore, the EVAR-1 clinical trial showed that 
hospital costs are higher for patients treated with endovascular repair than for those 
treated with open repair [16]. 

Recent data from the DREAM prospective randomized clinical trial comparing 
long-term outcomes of aneurysm repair in patients treated with open and endo- 
vascular techniques indicates that re-intervention rates are significantly smaller in 
the open repair group with similar survival rates after 7 years [8]. It is therefore 
fair to say that while endovascular procedures greatly reduce the problems that 
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Fig. 2 Current FDA approved endografts for abdominal aortic aneurysm repair. Year of FDA 
approval is listed in parenthesis 
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Fig. 3 Medical image follow-up studies of an abdominal aortic aneurysm repaired using a stent- 
graft. The images show the pre-operative, post-operative and several follow-up configurations of 
the abdominal aorta and the endograft, clearly demonstrating the migration of the device. The 
patient eventually required a secondary procedure where a proximal extender cuff was placed in 
the aortic neck 



open repair originates in the short-term; they generate a number of drawbacks that 
negatively impact the long-term well-being of the patient. It is thus of critical 
importance to enhance the performance of endografts by improving their design 
based on a deeper understanding of the hemodynamic conditions that the devices 
experience in vivo. 



2 Endograft Failure Modes 



The most common post-operative complications in endovascular repair are en- 
doleaks (i.e., persistence of blood flow into the aneurysm sac after device place- 
ment) and endograft migration (i.e., loss of positional stability). Other modes of 
failure are graft rupture, infection or thrombosis; and endotension (i.e., continuous 
aneurysm sac expansion in the absence of endoleaks). 
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Fig. 4 Schematic representation of the endoleak types following AAA endovascular repair 



2.1 Endoleaks 



Endoleaks are present in 2Q-AQ% of patients following endovascular aneurysm 
repair. Endoleaks are considered to be dangerous because in their presence, the 
intra-saccular pressure remains elevated and therefore the risk of rupture of the 
aneurysm persists. Endoleaks can be classified according to their temporal 
nature (i.e., short-term or long-term) or to the origin of the endoleak [46] 
(see Fig. 4): 

• Type I endoleaks are the result of poor apposition of the device to the aortic 
wall. Type la refers to blood flow coming into the aneurysm sac from the 
proximal fixation area, whereas Type lb refers to flow coming into the aneurysm 
from the distal fixation zone. Type I endoleaks are considered to be evidence of 
a poorly performed procedure. They usually account for less than 10% of all 
endoleak cases [42]. 

• Type 11 endoleaks occur when there is reverse flow into the aneurysm sac from 
aortic branch vessels such as the inferior mesenteric artery or lumbar arteries. 
This is the most common type of endoleak, accounting for more than half of the 
cases. Some Type 11 endoleaks thrombose spontaneously shortly after the 
procedure. Others persist, and may lead to aneurysm enlargement. If the phy- 
sician determines that these persistent Type II endoleaks represent a threat, they 
are treated by coil embolization of the arteries responsible for the retrograde 
flow [3]. 

• Type III endoleaks may be due to a defect in the fabric of the graft, such as a tear 
resulting from a fractured stent, or due to separation of the modular components 
of the endograft. These endoleaks usually account for less than 5% of the cases. 
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• Type IV endoleaks are due to filtration of plasma through the fabric of the graft. 
This is usually the result of a design feature of the graft fabric. 



2.2 Endograft Migration 

All endografts are subject to migration as a result of the pulsatile action of blood 
flow and pressure. Endograft migration represents a serious adverse event that 
usually requires a secondary intervention to restore proper fixation of the device to 
the abdominal aorta. This secondary procedure may involve the insertion of a 
proximal or distal extender cuff deployed endovascularly, or open surgical repair 
procedures such as aortic neck plication and partial or complete endograft removal 
[31]. 

To date, there has not been a consistent definition of endograft migration. Some 
device manufacturers have defined migration as a proximal or distal endograft 
movement more than 5 mm, whereas others set the threshold at 10 mm. Fur- 
thermore, the term migration has often referred to situations where endograft 
movement results in a clinical event. Under this definition, numerous cases of 
significant endograft movement that do not result in an adverse clinical event are 
not regarded as migration [11]. Therefore, the concept of positional stability may 
be understood differently in clinical and engineering settings. 

There are multiple clinical studies that have examined the rates of migration of 
various devices over time. In general, migration rates increase over time for all 
devices [27, 40, 48]. These studies have examined the proximal and distal motion 
of the endograft, but they have neglected the sideways motion. This sideways 
component has been recently shown to be a predictor of endograft migration and 
late adverse events [33]. 

Most current endograft designs rely on two different mechanisms to fixate the 
device to the arterial wall: radial force and hooks or barbs (see Fig. 5). In the case 
of radial force, this is achieved by oversizing the device relative to the nominal 
aortic diameter. The larger the oversizing of the device, the larger the radial force 
developed against the wall and therefore the larger the fixation response of the 
device. The degree of oversizing in clinical practice varies significantly, ranging 
from as little as 5% to as large as 30%. Aortic neck dilation and Type la endoleaks 
have been associated with excessive device oversizing [6, 39, 40, 48]. This is 
perhaps due to remodeling in the vessel wall in response to the larger circum- 
ferential stresses originated by excessive device oversizing. In the case of hooks 
and barbs, these components penetrate the vessel wall, thus clamping the device to 
the arterial lumen. A basic design parameter is the length of the hooks and barbs: 
the longer the hooks, the deeper the penetration through the aortic wall. However, 
a possible downside of this fixation approach may be the injury that these com- 
ponents cause to the endothelial and intima layers. This may result in vessel wall 
remodeling that can potentially lead to aortic neck dilation and Type la endoleaks. 
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Fig. 5 The attachment of the endograft to the aortic neck wall is achieved via radial force 
created by device oversizing (left) or hooks and barbs that clamp the device to the arterial lumen 

(right) 



A number of factors which may affect device migration have been clinically 
investigated including aortic neck diameter [37], length and angulation [13, 19], 
neck calcification and thrombus, inadequate proximal and distal fixation length 
[17, 48] and aneurysm tortuosity [39]. In general, it has been found that longer, 
disease-free aortic necks are associated with lower incidence of endoleaks and 
endograft migration since they offer a better surface for the device to stay attached 
to the arterial wall. Conversely, short, calcified, tortuous necks are associated with 
a higher incidence of endograft complications. 

In addition to the aforementioned clinical studies, experimental in vitro, 
in vivo, and cadaveric aorta studies have measured the pull-out forces of different 
devices [2, 25, 30, 35]. In all cases, these experiments considered a rather unre- 
alistic planar configuration of the abdominal aorta and the endograft, in part due to 
the difficulty of reproducing an anatomically and hemodynamically-realistic 
experimental environment. In all these studies, the stent-graft was displaced by 
applying a force in the downwards direction (see Fig. 6), and the amount of force 
required to dislodge the endograft was recorded. This force is known as dis- 
placement force (DF). 

The range of measured displacement forces for various devices was (4-30) 
Newton (N). These investigations are fundamentally limited because their 
experimental conditions fail to reproduce critical components that define the 
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Fig. 6 Experimental setup to measure the pull-out force required to dislodge an endograft 
inserted in a bovine AAA model. Note the downwards direction of pull, reproduced from Arko 
et al. [2] 



in vivo hemodynamics experienced by tiie endograft, sucii as tortuous anatomy, 
curvature, and pulsatile flow and pressure. These conditions can potentially be 
better investigated with the help of computational modeling techniques. 



3 CFD Modeling Tools for Endograft Dynamics 



Computational modeling tools provide an opportunity to evaluate multiple situa- 
tions where it is extremely difficult to generate an experimental setup that ade- 
quately reproduces the environment conditions of the problem at hand. In our case, 
in order to understand the principles that govern endograft stability, one must be 
able to reproduce realistic geometries, flow and pressure pulsatile conditions, and 
material properties of the components in the system. From a mechanical stand- 
point, the problem of endograft positional stability can be regarded as a compe- 
tition between de-stabilizing forces or loads acting on the device (i.e., the 
displacement forces DF) and stabilizing forces that keep the device attached to the 
wall (i.e., fixation forces FF), see Fig. 7. 

The displacement force DF is determined by the endograft geometry (i.e., 
length, diameter, etc.), the hemodynamic state of the patient (i.e., hypertension, 
cardiac output, etc.) and the anatomy of the aneurysm (i.e., tortuosity, neck 
angulation, etc.). The fixation forces FF must balance the displacement forces DF 
to keep the device attached to the vessel wall. The FF depends on the specific 
endograft fixation mechanism (i.e., radial force versus hooks and barbs), the 
structural stiffness of the device, the amount of proximal and distal landing zone 
(i.e., "fixation real estate"), and the level of disease of the vessel wall in the 
attachment areas (i.e., healthy wall versus atherosclerotic wall, presence of cal- 
cifications, etc.). The larger the loads exerted by the blood on the device, the larger 
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Fig. 7 The problem of 
endograft long-term 
durability seen as a 
competition of de-stabilizing 
forces or loads acting on the 
device (displacement forces 
DF) and stabilizing forces 
(fixation forces FF) 




7\ 



^ 




:^ 



the fixation forces required in order to keep the device in place. Computational 
fluid dynamics (CFD) tools can be used to evaluate the displacement forces that 
the fluid (blood) exerts on the device. Likewise, computational solid mechanics 
(CSM) can be used to estimate the fixation forces FF that the device develops to 
counteract the actions of blood flow and pressure. It is therefore of critical 
importance to have a good understanding of the magnitude of the loads that the 
endograft experiences in vivo in order to ensure a design that will guarantee the 
long-term stability of the device. 

Numerous CFD and theoretical analyses have investigated the magnitude of the 
DF loads exerted by blood flow on endografts using simplified computational 
models and boundary conditions [20, 24, 28, 29]. In most of these computational 
models, the geometry utilized was a simple bifurcated graft not including any of 
the abdominal blood vessels, usually in a planar configuration, and with simplistic 
outflow boundary conditions such as prescribed pressure waves in the outlet faces. 
Lastly, almost no studies have investigated the contact mechanics problem 
between the endograft and vessel wall [1]. In this setting, a 3-body contact problem 
involving the aortic wall, the stent, and the graft subjected to the CFD DF seeks to 
investigate the positional stability of the stent-graft. There are 3 possible outcomes 
in this stability analysis: 

• The device and the aortic wall remain attached to each other. This situation 
corresponds to a stable endograft. 

• There is slip between the endograft and the aortic wall surface. This corresponds 
to a situation of endograft positional instability and possible migration. 

• There is separation between the endograft and the aortic wall surfaces. This 
corresponds to a situation of an endoleak. 

In the remainder of this chapter, we review several CFD tools we have used to 
characterize displacement forces acting on anatomically-realistic models of aortic 
endografts under physiologically-relevant flow and pressure conditions. 
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Fig. 8 Patient-specific computer modeling for displacement force calculation: Starting with the 
patient image data (A), 3D computer models of the endograft and the abdominal aorta are built 
(B). Then, CFD analyses calculating blood flow velocity and pressure in the computer model are 
performed (C). Lastly, the displacement force is computed using the results of the CFD analysis 
(D). Reproduced from Figueroa et al. [11] 



3.1 Computational Fluid Dynamics Tools 

The computation of DF in realistic models of aortic endografts under realistic 
conditions of flow and pressure relies on the so-called patient-specific computer 
modeling paradigm [41] (see Fig. 8). Here, a computer model of the aorta and 
endograft is built from medical image data using automatic segmentation tech- 
niques. Once the model is adequately discretized into a grid suitable for numerical 
computation, and adequate boundary conditions are applied to the model, a 
computer simulation representing blood flow and pressure in the domain of interest 
is obtained. At this point, the CFD results can be used to investigate specific 
quantities of interest, such as the overall displacement force exerted by blood flow 
on the endograft. 



3.1.1 Geometric Modeling 



Patient-specific geometric models of blood vessels have been constructed using 2 
or 3D-based semi-automatic segmentation techniques [45, 47]. These techniques 
use algorithms such as the level set method to detect the lumen boundary [26] . 2D- 
based techniques provide higher control in the segmentation process especially in 
situations of significant noise in the image data, but 3D techniques are better suited 
to handle complex geometrical features, such as bifurcations and irregular sur- 
faces. Contrast-enhanced medical image data such as Magnetic Resonance 
Angiography (MRA) or Computed Tomography Angiography (CTA) provide a 
sharper, clearer boundary of the lumen and therefore facilitate the segmentation 
task significantly. Both CTA and MRA currently provide sub-millimeter resolu- 
tions that allow for accurate reconstructions of the thoracic aorta, endograft and 
main branches, such as renal arteries, mesenteric and iliac arteries, etc. 
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3.1.2 CFD Analysis 

Once the geometric model of the aortic endograft and the vessels of interest is 
created, a discretization of the model into a grid suitable for numerical simu- 
lation is needed. Here, it is important to generate a grid that represents accu- 
rately both the geometry and the solution field (i.e. velocity and pressure). Some 
desirable features in the grid-generation process are boundary layer meshing, 
curvature-based refinement and anisotropic, field-based mesh adaptation tech- 
niques [36]. 

A critical step in the CFD analysis is the boundary condition specification. 
In this process, one must provide adequate information on flow, pressure and 
potentially vessel wall dynamics on the boundaries of the geometry. This is an 
active area of research, and currently the most sophisticated approaches rely on 
coupling reduced-order mathematical models of the proximal and distal circula- 
tion to the inlet(s) and outlets of the model [41, 43]. Typically, a supraceliac 
waveform mapped to a Womersley velocity profile is prescribed at the inlet face 
of an abdominal aortic endograft model. This waveform can be obtained either 
directly from Phase-Contrast Magnetic Resonance Imaging (PC-MRI) techniques 
or from morphometric measurements [23]. In the case of thoracic aortic endograft 
modeling, a lumped-parameter heart model representing the interactions between 
the heart and the thoracic aorta [21] may be utilized on the inlet face of the model. 
For the outflow boundaries, a powerful and versatile solution consists of coupling 
a three-element Windkessel lumped parameter model representing the resistance 
and compliance of the vascular beds that are not physically included in the 
3D geometrical model [11, 44]. This approach presents important conceptual 
advantages: 

• It does not rely on the specification of any of the primary blood flow variables 
(flow or pressure), which are generally not known and are part of the desired 
solution. 

• It avoids potentially serious synchronization issues between flow and pressure 
waveforms in different parts of the domain. These lumped-parameter outlet 
conditions adapt naturally to the flow "collected" on each of the outlet faces and 
calculate a pressure based on the specific downstream model. This pressure is 
then applied as a weak traction on each of the boundary faces. 

Once the process of generating a geometrically-accurate aortic endograft geo- 
metric model is finished, and the corresponding computational grid and inflow and 
outflow boundary conditions are determined, a CFD analysis is performed 
whereby the Navier-Stokes equations of an incompressible fluid are solved in the 
domain of interest with the ultimate goal of obtaining a characterization of blood 
flow velocity and pressure. This analysis is usually very time-consuming since it 
requires obtaining the solution for velocity and pressure in thousands of time steps 
for grids that are usually well over one million degrees-of-freedom. Hence, a 
parallel Finite-Element or Finite- Volume implementation of a solver for the 
Navier-Stokes equations running in a computer cluster is required in order to bring 
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Fig. 9 Flow and pressure waveforms in selected vessels obtained in the CFD analysis of a 
proximal descending thoracic aortic aneurysm (TAA) model. Note the physiologic range of the 
waveforms, presenting features such as retrograde flow in the descending aorta during early 
systole, and forward flow through the cycle in the common carotid artery. Reproduced from 
Figueroa et al. [9] 

the computation time down to the point where the CFD results can be generated in 
a matter of hours [41]. 

By choosing a suitable distribution of inflow and outflow boundary conditions, 
it is possible to achieve physiologically-relevant distributions of flow and pressure 
in the computational model (see Fig. 9). The figure shows the pressure and flow 
waveforms in the descending thoracic aorta, left subclavian artery, and left com- 
mon carotid artery obtained in the CFD simulations of a proximal descending 
thoracic aortic aneurysm (TAA) treated with an endograft. The variables defining 
the hemodynamic state used in the CFD analysis were typical values for volu- 
metric flow and pressure for the ascending thoracic aorta: The mean flow and heart 
rate is 4.9 L/min and 67 beats per minute, respectively. The aortic systolic, dia- 
stolic, and mean pressures were 145, 85, and 111 mmHg, respectively. The figure 
clearly shows the differences between the descending thoracic aorta and common 
carotid artery flow waveforms, with forward flow in the carotid artery throughout 
the cardiac cycle and reversed flow in the descending aorta during diastole, which 
represent normal physiological variations. 



3.1.3 Displacement Force Calculation 



Once the CFD results for velocity and pressure in the computer model are 
obtained, it is possible to investigate the overall effect of the actions of blood flow 
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Fig. 10 Wall shear (left) and pressure (right) stresses representing the actions of the blood on the 
endograft. These stresses are integrated over the surface of the endograft to calculate the total 3D 
force exerted by the pulsatile flow. Note that the pressure is several orders of magnitude larger 
than the shear stress. Reproduced from Figueroa et al. [10] 



on the endograft. Specifically, the displacement force DF can be obtained by 
integrating the total traction (i.e. sum of the wall-shear stress and the total normal 
stress) over the surface of the endograft. Figure 10 illustrates how the contribution 
of the pressure to the total load experienced by the device is several orders of 
magnitude larger than the wall shear stress contribution. This implies that the 
pressure of the patient has a much larger impact than the cardiac output on the 
forces exerted by the blood flow on the device. Therefore, chronic alterations in 
pressure as a result of hypertension should be watched carefully during the follow- 
up of the patient. 

Contrary to what is often assumed, the endograft displacement force does not 
act primarily in the longitudinal direction of flow: in situations of significant 
aneurysm tortuosity the displacement force has important antero-posterior and 
lateral components (see Fig. 11). This example illustrates the power of compu- 
tational methods towards investigating the loads experienced by endografts 
in vivo: these techniques make it simple to account for complex, subject-specific 
geometries of aorta and endograft, and once proper boundary conditions for flow 
and pressure are obtained to match known patient data, one can easily investigate 
parameters such as mean and temporal variation of displacement forces, spatial 
components in the longitudinal, anterior, and lateral directions, etc. 

The subject of the example depicted in Fig. 11 has a supraceliac aortic flow of 
1 L/min, a heart rate of 60 beats per minute, and systolic and diastolic blood 
pressures of 168 and 92 mmHg, respectively. These conditions result in a pulsatile 
endograft displacement force ranging from 6.8 N in peak systole and 3.6 N in 
diastole, with a temporal mean of 5 N. Of this total force, only 28% (1.4 N) is 
directed in the axial direction. This may have important consequences on the 
fixation forces that the device must develop in the aortic neck in order to remain 
attached to the vessel wall. 

Other variables than can be easily investigated are the effect on displacement 
forces of parameters such as endograft diameter and length, aneurysm angulation, 
graft bifurcation angle, blood pressure, exercise, etc. These Vciriables been have 
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Anterior View 



lateral View 



Axial View 












Fig. 11 Anterior, lateral, and axial views of an AAA model with a stent-graft in place. Note the 
antero-lateral angulation of the endograft, which follows the curved anatomy of the abdominal 
aorta. The vector of displacement force in drawn to scale in each of the three views 



investigated in idealized [22] and patient-specific models [9, 10] of thoracic and 
abdominal endograft models. Finally, CFD techniques may also provide insight 
into transport or residence time of thrombogenic agents within the endograft [38]. 
In the following section, we provide several examples of how computationally 
determined endograft displacement forces may provide useful insight regarding 
the hemodynamic conditions experienced by these devices in vivo. We illustrate 
how these conditions are affected by an array of factors, including curvature, 
device diameter, blood flow and blood pressure. 



3.2 Application Examples 

3.2.1 Effect of Curvature on Displacement Forces Acting on Abdominal 
Endografts 



In order to investigate the impact of aortic curvature on the displacement forces 
experienced by stent-grafts, the computer model depicted in Fig. 1 1 was modified 
to accommodate the endograft in an almost flat or planar configuration without 
changing the dimensions of the device. These changes produced a model with a 
much smaller curvature in the antero-posterior and lateral directions in the aneu- 
rysm region (see Fig. 12). 

The aortic and branch flow and pressure boundary conditions remained 
unchanged between the curved and reduced curvature endograft models. The CFD 
simulations for both models show that there are virtually no differences in the 
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Fig. 12 Lateral, anterior and axial views of the time average of the displacement force acting on 
the curved endograft model (a) and reduced curvature endograft model (b). The dimensions of 
the reduced endograft model are identical to those of the curved endograft. Note the reduction in 
magnitude of the displacement force acting on the endograft as reflected by the size of the arrows, 
(c) Shows the comparison of the supraceliac and displacement force plots for the two endografts. 
Note that while the pressures are almost identical, there is a five-fold decrease in pulsatile 
displacement force (average of 5.01 vs. 0.8 N) in the reduced curvature endograft 
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Table 1 Total and 3D 
components of displacement 
force DF for the curved and 
reduced curvature endografts 





Curved 


Reduced curvature 




endograft 


endograft 


Fx (lateral) (N) 


-2.22 


-0.29 


F,. (anterior) (N) 


4.26 


0.72 


Fj. (axial) (N) 


-1.42 


-0.24 


Total force (N) 


5.01 


0.81 


% Downward 


28.35 


29.54 



aortic pressure between the two models: this indicates that local changes in cur- 
vature or tortuosity do not significantly affect the pressure field in the aorta unless 
they are accompanied by geometric changes such as narrowing (stenosis) or 
enlargement sections that may significantly alter the flow field. 

The differences in the total displacement force between the two models are 
however, significant: the temporal average of the total displacement force in the 
planar endograft was reduced by more than five-fold from 5 to 0.8 N compared to 
the normally positioned curved endograft. The total and 3D components of the 
displacement force for both models are given in Table 1 above. 

In both the curved and reduced curvature endografts the largest components of 
the force was acting in the anterior direction, which can be explained by the 
angulation of the neck of the abdominal aorta, directing the blood flow to impinge 
against the anterior face of the endograft and therefore increasing the dynamic 
component of the pressure on that surface. 



3.2.2 Effect of Increased Pressure and Flow on Displacement Forces 
Acting on Thoracic Endografts 

Blood flow and pressure can vary significantly during the course of the day in 
response to changes in activity level, and chronically due to processes such as 
hypertension and physical training. It is therefore important to understand the 
effects of altered flow and pressure on the forces experienced by endografts. We 
investigate these effects using a patient-specific model of a thoracic aortic endo- 
graft. The endograft consists of three modules with an average diameter of 36 mm 
spanning a length of approximately 30 cm used to repair a mid-descending thoracic 
aortic aneurysm (TAA) (see Fig. 13). 

The variables defining the hemodynamic state used in the CFD analysis rep- 
resented typical values for volumetric flow and pressure for the thoracic aorta. The 
mean flow and heart rate were 4.9 L/min and 67 bpm, respectively. The aortic 
systolic, diastolic, and mean pressures were 145, 85, and 111 mmHg, respectively 
(pressure pulse of 60 mmHg). Calculation of the endograft displacement force DF 
produced a vector with significantly larger mean (21.7 N), peak systolic (27.8 N) 
and end-diastolic (16.7 N) values than those typically found on abdominal endo- 
grafts. Figure 13 shows the anterior, lateral, and axial views of the thoracic model 
and the DF vector (blue arrow) resulting from the baseline flow and pressure 
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Fig. 13 Flow and pressure waves with pulsatile DF for the baseline pressure {blue plots) and the 
elevated pressure (red plots) simulations. The images compare the orientation of the DF vectors 
for the baseline pressure {blue arrows) and the elevated pressure {red arrows) scenarios in the 
anterior, lateral, and axial views. Modified from [9] 



conditions given above. Note that the orientation of the DF vector follows the 
curvature of the endograft and shows a significant component (10.8 N) acting in 
the craniad direction. The waveforms corresponding to baseline conditions of 
thoracic aortic flow, descending aortic pressure, and pulsatile DF are given in blue. 
We investigated a situation of moderate increase in blood pressure (see red 
waveforms in Fig. 13) with no changes in cardiac output. The elevated pressure 
waveform had a mean value of 130 mmHg, with a systolic peak of 171 mmHg, a 
diastolic minimum of 97 mmHg, and a pulse pressure of 74 mmHg. Thus, this 
represented an increase of 16.5% in mean pressure with respect to be baseline 
conditions. The DF vector, shown in red arrows in Fig. 13, had larger mean 
(25 N), peak systolic (32.5 N), and diastolic (22.6 N) values than in the baseline 
pressure conditions. This indicates that the increase in mean DF was approxi- 
mately linearly proportional to the increase in mean pressure over the range of 
pressure considered. Furthermore, the increase in pulse pressure resulted in a 
significant change in the orientation of the DF vector. Table 2 compares the axial 
(craniad) and sideways components of the baseline pressure conditions to the 
values for the elevated pressure simulation. The greatest increase was in the axial 
component (37%), whereas the increase in the sideways component was only 7%, 
which can be explained by the increased acceleration of blood due to the 
14 mmHg higher pulse pressure. The blood was therefore pushed against the outer 
curve of the graft more vigorously than before, which resulted in the larger craniad 
component of the DF vector. 
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Table 2 Axial component, 
transverse component and 

total mean displacement force 

DF for the baseline pressure ^'''^1 component (craniad) (N) 

and elevated pressure Transverse component (N) 

conditions Total force (N) 



Baselin: 


e Elevated 


Increase 


pressun 


: pressure 


(%) 


10.8 


14.8 


37 


18.8 


20.1 


7 


21.7 


25 


15 



We then investigated the impact of increased flow on the DF experienced by the 
endograft. We considered a situation of hght exercise corresponding to a 2.5-fold 
increase in cardiac output from 4.9 to 12.24 L/min, and 50% increase in heart rate 
from 67 to 100 bpm. We adjusted the outflow branches boundary conditions to 
represent realistic changes in thoracic pressure during moderate exercise: 55% 
increase in pulse pressure from 60 to 93 mmHg; almost no change in diastolic 
pressure resulting in an increase in mean pressure of 12.5% from 112 to 
126 mmHg. These changes of 50% increase in flow rate and the corresponding 
12.5% increase in mean blood pressure resulted in a modest 10% increase in the 
mean DF experienced by the endograft. This indicates that the changes in DF are 
influenced mostly by changes in blood pressure resulting from the increased level 
of physical activity. Furthermore, the orientation of the DF vector remained rel- 
atively unchanged with respect to the baseline conditions. 



3.2.3 Correlation Between Endograft Motion and Post-operative 
Displacement Forces 

To date, there has not been a consistent definition of endograft migration. 
Migration has been variously defined using an arbitrarily selected distance, such as 
5 or 10 mm, or in some cases as an endograft movement that results in the need for 
a secondary intervention [27, 40, 48]. Most clinical studies quantifying endograft 
movement have relied on one-dimensional [4, 34, 48] or two-dimensional tech- 
niques [33] (see Fig. 14). Measurements have included axial or centerline dis- 
tances from the renal arteries or superior mesenteric artery to the first appearance 
of the endograft or to the appearance of the complete fabric-stent ring. However, 
change in endograft position is actually a complex process in three-dimensional 
space. Quantification of three-dimensional positional changes of the endograft 
over time is challenging due to its geometric complexity, the need to co-register 
two different images in space, and the non-uniform movement of the device, since 
some parts of the endograft may experience a significant movement while others 
remain stationary. 

We have recently proposed a methodology to quantify the three-dimensional 
displacement of an endograft based on tracking the position of the centroid of the 
device over time. The endograft centroid is co-registered in two images, typically a 
baseline post-operative scan and a follow-up scan, using the center point of the 
inferior edge of the L3 vertebra as anatomic landmark (yellow dot) (Fig. 15). 
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Fig. 14 Studies quantifying endograft movement using 1 or 2D techniques. Left Benharash et al. 
[4] have measured the longitudinal endograft movement with respect to the position of the renal 
arteries. Right Rafii et al. [33] have measured the transverse movement of the endograft with 
respect to an anatomic landmark in the spine 



The distance between the co-registered centroid in the baseline scan (red dot) and 
follow-up scan (green dot) characterizes the three-dimensional movement of the 
endograft, which has components in the anterior, lateral, and axial directions. 

Once the movement between baseline and follow-up scans is obtained, we 
investigated the correlation between the orientation of the post-operative endograft 
displacement force vector and the direction of endograft movement. The metric of 
the correlation is given by the cosine of the angle between the displacement force 
and the movement vectors [11]. This correlation can be helpful to predict, using 
post-operative or even pre-operative imaged data of a patient, the direction in 
which the endograft is likely to move. 

Figure 16 shows the anterior and lateral views of the computed post-operative 
displacement force vector (red arrows) and measured movement vector (yellow 
arrows) between baseline and follow-up scans for 5 AAA patients with significant 
endograft movement that in general resulted in the need for a secondary procedure. 
Four out the five patients (patient 1, 2, 4 and 5) had late device migration (average 
time to secondary procedure of 3.3 years). Patient 3 however required a secondary 
procedure after only 8 months to correct a left iliac type I endoleak. 

With the exception of patient 3 who showed a very small correlation between 
displacement force and displacement vectors, the correlation between the orien- 
tation of the post-operative displacement force vector and the movement vector 
was rather high for the patients with shorter follow-up intervals (average corre- 
lation metric of 0.46). This correlation could be further improved if factors such as 
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Fig. 15 3D analysis of the endograft centroid movement between a baseline post-operative state 
(top row), and a one-year follow-up state (middle row). The endograft centroid moves primarily in 
the antero-lateral direction (17.6 mm in the xy plane), and also in the axial direction (3 mm in z). 
Adapted from Figueroa et al. [11] 

the position of the endograft within the aneurysm sac are considered. For instance, 
patient 3 has the endograft leaning directly against the anterior wall of the aneu- 
rysm. Therefore, even though the post-operative displacement force acts primarily 
in the posterior-anterior direction, the endograft is unlikely to move in that 
direction due to the constraint provided by the aneurysm wall. 



4 Summary and Conclusions 



In this article, we have provided an overview of the state of the art of the Com- 
putational Fluid Dynamics tools used to characterize the hemodynamics in patients 
treated with abdominal and thoracic stent-grafts and of the most common com- 
plications experienced by these devices. Computational modeling of patient- 
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Displacement Force (DF) in baseline model 



Movement of endograft centroid between baseline and fofiow-up scans 

Fig. 16 Displacement force (red arrows) and endograft centroid movement (yellow arrows) 
vectors in the anterior and lateral views for the 5 patients who experienced abdominal endograft 
migration. Relative sizes of arrows reflect magnitude of the vectors. Adapted from Figueroa et al. 
[11] 



specific endograft dynamics provides an unprecedented insight into the in vivo 
hemodynamic conditions experienced by these devices. These techniques have 
reUed on recent progress in the areas of diagnostic medical imaging, image pro- 
cessing, computational fluid dynamics algorithms for fast, highly scalable parallel 
iterative solvers, and finally, computer hardware [41]. Computer modeling tech- 
niques, although still in need of further improvements, provide a powerful and 
versatile tool to test and analyze numerous loading conditions and design solu- 
tions: for instance, it is easy to investigate alterations in the loading conditions 
experienced by endografts following changes in blood pressure and blood flow and 
to virtually modify the size of the various components of the device. Figure 17 
provides a schematic representation of how computational, experimental, and 
clinical tools can be combined to better understand and monitor the performance 
of aortic stent-grafts. Part (a) represents the CFD analysis performed on the 
geometry given by the aneurysm and the device and provides the distribution of 
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(a) CFD Analysis 
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Fig. 17 A computational framework where a combination of computational, clinical, imaging, 
and experimental tools are used to evaluate the performance of abdominal stent-grafts in vivo 

loads or displacement forces DF experienced by the endograft. In part (b) a CSM 
analysis evaluates the fixation of the device to the vessel wall. The device is 
subjected to the displacement forces DF obtained in the CFD analysis. The fixation 
forces FF depend on the fixation characteristics of the device, represented by the 
coefficient /i in the figure. Part (c) represents the clinical evidence gathered via 
longitudinal imaging studies of the performance of a given device implanted in a 
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patient: This evidence may be used to define areas of attachment between device 
and aorta, to quantify the amount of intra-luminal thrombus and its potential 
constraining effect on the endograft, and to assess the disease state of the vessel 
wall in terms of atherosclerotic plaque and calcifications. These are all parameters 
that provide useful information for the CSM analysis depicted in part (b). Finally, 
in part (d) experimental in vivo and in vitro data provide direct measurement of the 
fixation response of a given device as a function of oversizing, the characteristics 
of the luminal surface, etc. Information obtained from (c) and (d) can then be used 
to estimate the ultimate fixation force that a given device can provide in a specific 
configuration. Once this ultimate fixation response is evaluated, a likelihood of 
migration for a given device on a given patient can be estimated by the "safety 
factor" y defined as the ratio between the ultimate fixation force the device is able 
to provide and the actual fixation force. 

The paradigm of "virtual prototyping" that has been extensively applied for 
quite some time in industries such as the automotive and the aeronautical is now 
beginning to be used in the medical device industry as well. The development and 
application of new computational and imaging tools and the combination of these 
tools with clinical and experimental data will further improve the design of devices 
and will ultimately result in improved patient care and reduced costs. 
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Experimental Analysis of Endovascular 
Treatment of AAA and Predictors of Long 
Term Outcomes 



Timothy Corbett, David Molony, Eamon Kavanagh, Pierce Grace, 
Michael Walsh and Tim McGloughlin 



Abstract This chapter describes experimental investigations of parameters 
which are hkely to reduce the ability of an implanted stent-graft for the treatment 
of Abdominal Aortic Aneurysm (AAA) to resist migration. Idealised AAA 
analogues were manufactured with realistic wall properties. Both proximal stents 
and complete stent-graft devices were deployed inside these models and the force 
required to cause migration during physiological flow was investigated. The 
effect of stent-graft morphology on the columnar rigidity generated by a stent- 
graft and on the migration force transmitted to the proximal end of the device 
was also investigated. Lower wall compliance and pulsatile wall motions due to 
physiological flow were seen to reduce the fixation of an implanted proximal 
stent from 8.4 ± 0.32 to 3.7 ± 0.06 N. The results also show that high systolic 
pressure or low proximal fixation length reduce the force required to migrate a 
graft from 4.62 ± 0.25 to 2.57 ± 0.11 N in a flexible stent-graft with little 
longitudinal rigidity. In a fully stented device these correlations were less clear 
due to the complex compressive behaviour of the device and the increase in iliac 
fixation when the proximal fixation length was reduced. Longitudinal rigidity 
was measured in terms of the amount of force to cause 5 mm compression of the 
graft and was found to provide up to 11. 53 N of resistance to migration in a fully 
stented device which is greater than the resistance afforded by passive proximal 
stents alone. Even the flexible stent-graft was shown to require up to 5.88 N of 



T. Corbett • D. Molony • E. Kavanagh • P. Grace ■ M. Walsh • T. McGloughlin (M) 
Department of Mechanical and Aeronautical Engineering, MSSi, 
Centre for Applied Biomedical Engineering Research (CABER), 
University of Limerick, Limerick, Ireland 
e-mail: Tim.mcgloughlin@ul.ie 

P. Grace 

Department of Vascular Surgery, Mid-Western Regional Hospital, 

Dooradoyle, Limerick, Ireland 



Stud Mechanobiol Tissue Eng Biomater (201 1) 7: 247-284 247 

DOT: I0.1007/8415_2011_74 

© Springer- Verlag Berlin Heidelberg 2011 

Pubhshed Online: 24 April 2011 



248 T. Corbett et al. 

compressive force to cause 5 mm of device compression due to internal pressure 
assisting the device in holding its shape. Increasing iliac bifurcation angle or 
placing the devices in a tortuous configuration was found to reduce the longi- 
tudinal rigidity of both devices. The results also showed that the drag force 
acting on a stent-graft may be somewhat attenuated by compressive forces set up 
in a non rigid stent-graft model. Both an increase in iliac bifurcation angle and 
tortuosity was found to increase the migration force on the proximal end of the 
device from 2.56 to 4.92 N. Tortuosity and higher iliac leg angle were both 
found to have the double disadvantage of increasing the migration force and 
decreasing device longitudinal rigidity, while longitudinal rigidity was shown to 
be crucial to the success of passively fixated stent-grafts. The test methods 
described in this chapter could be useful in the future preclinical evaluation of 
stent-grafts and could be useful in the design phase of next generation EVAR 
devices. 



1 Introduction 

Clinical management of abdominal aortic aneurysm (AAA) has been evolving for 
over half a century since DuBost et al. performed the first open surgical repair 
(OR) in 1952 [15]. During this time OR has demonstrated excellent long term 
results in patients who were considered healthy enough for this invasive procedure. 
As with all surgical techniques the desire existed for a less invasive approach 
which would allow patients who were unfit for OR undergo potentially lifesaving 
treatment for their aneurismal disease and reduce the cost associated with long 
ICU stays for postoperative patients of OR. In the late 1980' s Volodos et al. 
performed the first Endovascular AAA repair (EVAR) in Russia [60]. In this 
technique a collapsed graft is guided to the aneurysm site and allowed to expand 
creating a new conduit for blood to flow thereby shielding the aneurysm from 
systemic pressure. These first attempts demonstrated that the surgical technique 
was feasible but the failure of these first devices also showed that they were 
operating in a very challenging environment in vivo. 

After the genesis of Volodos the first commercially available devices were 
launched towards the end of the last decade of the twentieth century. EVAR quickly 
gained a reputation as a procedure with substantially reduced mortality, morbidity, 
length of ICU stay, operating time and blood loss compared with OR. However these 
short term benefits were hampered by longer term device failures such as endoleak, 
device migration, suture and stent breakages, graft tears, endotension and limb kinks/ 
occlusions which in some cases led to aneurysm rupture and death. In less serious 
cases these failures often necessitated reintervention to remedy their symptoms. 
Second and third generation devices learned the lessons from previous devices and 
device performance has improved dramatically. Active fixation in the form of hooks 
or barbs at the proximal and distal ends gave increased fixation. Columnar rigidity 
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was designed into otiier devices to aid the passive fixation of the proximal stents. 
Increased redundancy in terms of the number of sutures or barbs as well as improved 
metal cutting and finishing techniques has drastically reduced the incidence of graft 
failures due to breakages of these components. Less porous graft fabric has reduced 
the prevalance of endotension. Full stenting of device limbs has been responsible for 
less graft kinlcs and limb occlusions. 

In addition to these device improvements the surgical techniques and limita- 
tions have also been perfected. Early devices were oversized in the proximal neck 
substantially more than is practised today. This served to increase the radial force 
and therefore fixation of the stent-graft but was shown to be responsible for 
postoperative neck dilation and migration. Iliac fixation length has also been 
shown to be important in reducing migration of the proximal end of devices with 
longitudinal rigidity. Clearer limits of neck length, diameter and angulations that 
allow for successful placement of a stent-graft have also been defined [6, 16, 55]. 
With the ability to reconstruct AAA geometries from CT scans surgeons also now 
have the tools and experience to pick the right device for the anatomy in question. 

The result of these improved device designs and surgical experiences has been a 
major reduction in postoperative failures after EVAR and the endovascular 
approach is now the preferred treatment in many patients. However, incidents of 
migration are still reported. Distal migration of the stent-graft is arguably the most 
serious failure mechanism encountered after EVAR as it can compromise the 
proximal seal between the stent-graft and the aorta, allowing blood at systemic 
pressure into the previously excluded aneurysm sack and placing the aneurysm at 
high risk of rupture. 

In the past decade many numerical and experimental studies have been conducted 
to investigate different aspects of migration. However many of these studies have 
inherent limitations which are discussed throughout this chapter. In this chapter, new 
experimental techniques aimed at gaining a better understanding of the parameters 
influencing migration are presented. Firstly the development of aortic wall analogues 
that mimic the mechanical behavior of human aortic tissue is presented. These 
analogues are then used for experimental studies to investigate the force required to 
dislodge stent-grafts and proximal stents during pulsatile flow and the results from 
these techniques are discussed in detail. Novel techniques for determining the lon- 
gitudinal rigidity of stent-grafts and for measuring the migration force that is 
transmitted to the proximal end of the device during pulsatile flow are also described. 



2 Development of Silicone Rubber Aortic Analogues 
2.1 Materials Selection and Characterisation 

Silicone rubbers have been widely used as aorta analogues in in vitro studies 
[4, 13, 14, 19, 46]. Wacker Elastosil RT601, (Wacker-Chemie GMBH, Munich, 
Germany), was used by Doyle et al. in a previous study to manufacture AAA 
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models [14]. This silicone rubber was employed as the base material for this study. 
Different quantities of Dow Corning 200/5CS silicone fluid (Midland, MI, USA), 
were added to this material to alter its material properties. 

Ten Type 2 dumb bell samples of two different wall materials, 100% RT601 
(hereafter "WS") and 90% RT601 (hereafter "WC") by mass, were created by 
injection moulding and tested in accordance with BS ISO 37 on a uniaxial exten- 
someter with a 1 kN load cell (Tinius Olsen, Surrey, UK). To ensure repeatable 
results and to minimise the Mullins effect the specimens were preconditioned by 
deforming the gauge length by 40% ten times before carrying out an actual test. This 
preconditioning serves to stabilise the stress-strain response of the material [42]. 
A video extensometer (MESSPHYSIK, Fiirstenfeld, Austria) was used to measure 
the deformation of the specimen gauge length of the material during the test. 

Material characterisation was carried out using previously described methods [13]. 
Briefly, the force extension data from the uniaxial tensile tests were converted to 
engineering stress and strain. Best fit polynomial trendlines were then fitted to the data 
for each material. Using these polynomials, twenty representative engineering stress- 
strain data points were calculated for engineering strains from to 1 for each material 
and used to define the material in the finite element solver ABAQUS 6.7-1 (Dassault 
Systems, SIMULA, Providence, RI, USA). The force extension data from the uniaxial 
tensile tests was converted to true stress (cr) and true strain (e) using theory for large 
deformation of incompressible materials (Eqs. 1 and 2). 

.=^-ii±i^ (1) 

Where /is force, a„ is undeformed cross sectional area of the test length of the 
dumb-bell test pieces and / is length. 

The uniaxial test was modelled in FEA with identical geometry to the test 
specimens. Boundary conditions mimicking the uniaxial test were used. Different 
strain energy functions were examined, and the most suitable strain energy 
function selected. To ensure that the optimum strain energy function had been 
selected, a comparison was made between experimentally determined true stress 
and strain and the true stress and strain predicted by the finite element analysis of 
the test specimen. The initial Young's modulus (Ejnit) [48] of the wall materials 
was calculated by fitting a best fit line to the linear portion of the stress-strain 
curves. Values of Einj, for each material are listed in Table 1. 

It was determined that for the wall materials a sixth order reduced polynomial 
strain energy function was most suitable. Due to the incompressible nature of these 
hyperelastic materials, the reduced polynomial strain energy function takes the form: 

N 

Reduced polynomial: W = ^C,o(7i-3)' (3) 
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Table 1 Coefficients for strain energy functions and initial Young's modulus for each material 

Material Ei„i, (MPa) SEE type Coefficients for strain energy 

functions (MPA) 

WS 2.22 R. Poly (6th order) Cm = 0.2259, C20 = 0.1821, 

Co = -0.3302, C40 = 0.3071, 
Cso = -0.1178, Ceo = 0.01788 

WC 1.57 R. Poly (6th order) Cm = 0.2813, C20 = 0.2263, 

Co = -0.4017, C40 = 0.3829, 
C50 = -0.0148, Ceo = 0.0255 



Where 7 is the left Cauchy strain tensor, and C is a material constant. 

The coefficients for the respective strain energy functions for each material are 
listed in Table 1. 

These material models were then used in ABAQUS 6.7-1 to predict the pres- 
sure-diameter behaviour of the silicone rubber AAA models (see below). 

The wall materials were found to have initial Young's modulus of 2.22 MPa 
(WS) and 1.57 MPa (WC). These values are comparable to the incremental 
modulus of aortic tissue at physiological stresses [8, 58]. The compliance and 
stiffness of the models are also physiological compared to literature at the 
pressures examined [8, 53, 61]. 



2.2 Silicone Rubber AAA Model Manufacture 

Six idealised wall (AAAw) models (Fig. 1.) were manufactured for this study 
(three manufactured from WS and three from WC). The model dimensions were 
taken from the EUROSTAR database [24] and are an averaged set of dimensions 
based on a 3413 AAAs. This idealised AAA geometry has been used extensively 
in previous publications [14, 39, 44-46]. The lumen diameters of the ideal 
geometry are: neck: 24 mm, aneurysm: 50 mm legs: 12 mm, the ideal AAA 
geometry has a bifurcation angle of 60° and wall thickness of 2 mm. 

The models were manufactured using the previously reported lost wax tech- 
nique [14, 46]. Briefly, a wax lumen was cast from an aluminium mould. This was 
placed within a wall mould with a 2 mm cavity into which the silicone rubber wall 
material was injected. The wall material was allowed to cure at 40°C for 4 h. After 
curing the wax was melted out of the wall model. The models were then cleaned to 
remove any remaining wax. The full method is outlined in appendix A. 



2.3 Compliance Testing 

Each model was placed in the pressurised air system shown in Fig. 2. A pre- 
cision regulator (Norgren, Warwickshire, UK) was used to adjust the pressure 
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Fig. 1 AAA model viewed 
from front and side, arrows 
show wliere measurements 
were taken during 
compliance testing 




Fig. 2 Pressure-diameter 
change measurement setup 
for investigating model 
compliance 



Digital 
Manometer 
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inside the model. A digital manometer (Druck, Leicester, UK) was used to 
measure the pressure in the system. The models were pressurised from 20 to 
160 mmHg in steps of 20 mmHg. A video extensometer (MESSPHYSIK, 
Fiirstenfeld, Austria) was used to measure the change in diameter at each 
pressure increment. 

The models were held at each pressure for 30 s before a diameter measurement 
was taken. The first location was in the proximal neck of the model, 30 mm above 
the beginning of the aneurysm section and the second location was the area of 
maximum diameter of the aneurysm (Fig. 1). The model response to pressurisation 
was investigated in two planes to allow for the mean compliance to be determined 
for each model, minimising the effect of any variations in wall thickness on 
the results. These locations were chosen to determine the compliance of both 
the aneurysm sac and the proximal neck of the model. The biomechanics in the 
proximal neck of abdominal aortic aneurysms are of interest as endovascular stent- 
grafts rely on the proximal neck for fixation within the vessel [6]. Therefore the 
behaviour in the proximal neck is directly related to the success or failure of 
EVAR. 

When the pressure diameter data was collected for all the models comphance 
was computed using Eq. 4 [61]. 

Stiffness was then computed using Eq. 5 [53]. 

S,iff„.ss^.ln(^)£= (5) 

Where D is the outer diameter of the vessel, A is the cross sectional area of the 
vessel and P is the pressure within the vessel. 

Figure 3 shows a comparison of the FEA predicted and mean experimental 
pressure-diameter behaviour of the models while Table 2 shows the compliance 
and stiffness in the neck and aneurysm computed for pressures of 120/ 
80 mmHg. 

Sonesson et al. [53] reported that the stiffness of the aorta in healthy, non- 
smoking individuals of age ~69 years was 17.5 ± 5.5. While the stiffness values 
for the WS models are outside this range, the WC models are within this range. 
Even though the WS models have stiffness outside the range determined by 
Sonesson et al. [53] is possible that they may be still physiological. This is because 
the proximal necks of AAAs are frequently heavily calcified and therefore stiffer 
than healthy aorta [16]. 

Vorp et al. [61] reported that the compliance of AAAs of similar size to the 
models in this study and with ILT was 1.8 — 9.4 x 10~ /mmHg (mean 
4 X 10~ /mmHg). All the models in this study had aneurysm compliance within 
this range. 
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Fig. 3 Comparison of FEA 
predicted and experimental 
pressure-diameter behaviour 
in the neck (above) and the 
aneurysm {below) regions of 
the model 
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Table 2 

models 


Mean experimental stiffness and compliance 
computed for pressures of 120/80 mmHg 


af the neck and aneurysm section of the 


Model 
set 


/^neck 




P aneurysm 


^neck 

(xlO-'^/mmHg) 


r 

N- aneurysm 

(xlO-*/mmHg) 


WS 

wc 


25.39 (23.77 
20.44 (19.64 


- 26.95) 
-21) 


32.38 (31.76 - 33.36) 
23.26 (22.05 - 23.6) 


7.79 (7.31 - 
9.61 (9.38 - 


- 8.29) 

- 9.97) 


6.12 (5.94 - 
8.01 (8.01 - 


- 6.23) 

- 8.9) 



3 Use of Silicone Rubber Models for Stent and Stent 
and Stent-Graft Fixation Tests 



A significant amount of research has been conducted into the ability of stents and 
stent-grafts to resist migration. These have included experiments in sections of 
cadaver or bovine aorta to in vivo studies in ovine specimens [2, 25, 34, 43, 50, 59]. 
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Stent 




Slider 2 



Slider 1 



Fig. 4 Proximal talent stent used in the displacement study (left) and slider system for distally 
loading the implanted stent (right) 

Both of these methods have inherent drawbacks. In the former method the device is 
inserted in a cylindrical section of cadaver or bovine aorta and the force required to 
dislodge the device is measured. Here there is no flow in the system and therefore 
there is no drag force when the full stent-graft is being analysed. Neither is the effect 
of pulsatile wall motions accounted for. In addition to this the fixation generated by 
longitudinally stiff stent-grafts due to iliac implantation of the device limbs is not 
considered [25, 34, 50, 60]. In the latter method the iliac fixation and flow are 
considered. However the limitations of the ovine model lead to a non-physiological 
graft-artery anastomosis. In humans endovascular grafts are usually oversized in the 
region of 10-20% but due to the size of the ovine aorta the oversizing of the graft in 
these studies was in the region of 30-50% [2, 43]. Such excessive oversizing could 
greatly increase the radial force generated by a passively fixated stent (no hooks or 
barbs). This increased radial force could increase the fixation of the stents in contact 
with the artery wall, thereby increasing the force required to dislodge the stent-graft 
[2, 43]. 

The studies described in this section include similar studies to those performed 
in cylindrical sections of cadaver aorta to validate the use of silicone rubber for 
displacement force experiments and also studies in pulsatile flow to allow the 
effect of stent-graft longitudinal stiffness, drag force and pulsatile wall motions to 
be investigated. 



3.1 Stents and Stent-Grafts Investigated 



The proximal stent used in this study is shown in Fig. 4. It is a 32 mm diameter 
(fully expanded) nitinol proximal stent from the Talent (Medtronic Vascular, 
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Santa Rosa, CA, USA) AAA system. The vertical height of the stent was 15 mm. 
When this stent was implanted in our 24 mm AAA model the degree of oversizing 
was in the region of 33% which is higher than the recommended range (10-20%) 
for EVAR. However these stents are usually uncovered at the proximal end of the 
Talent device and flare outwards. This allows them to extend beyond the maxi- 
mum diameter of the graft proper and therefore the oversizing percentage can be 
higher for these stents. 

Stiff polymer strings were attached to the 5 points at the distal end of the stent 
shown in Fig. 4 using an improved clinch knot. A slider system was used to allow 
for a load cell to load all 5 points simultaneously using one string. Figure 4 
illustrates this setup, for illustration purposes the stent is depicted as if it were cut 
at one of the points on the proximal end (e.g. between point 1 and 2 in Fig. 4) and 
uncoiled. Care was taken when assembling this setup so that the strings attached to 
the stent struts were almost completely longitudinally orientated. This was 
achieved by placing sliders 2 and 3 in the iliac limbs of the model, as far from the 
stent as possible. The stents were collapsed in iced water and inserted from 
the proximal end of the model to a position 27 mm proximal to the beginning of 
the aneurysm section. When they were in the correct position the model was 
flushed with water at 37°C to fully expand the stents. 

Two stent-grafts were also investigated in this study (Fig. 5). The commercially 
available AneuRx device (Medtronic Vascular, Santa Rosa, CA, USA) is a fully 
stented, self-expanding, modular device with a high degree of longitudinal rigidity. 
A laboratory manufactured device similar to first-generation stent-grafts manu- 
factured by suturing 3 proximal AneuRx nitinol stents to the proximal end of a 
custom-made open surgery graft (Culzean Medical Devices, Ayrshire, Scotland) 
was also investigated as a comparison. Laboratory manufactured nitinol Z stents 
were used at the ends of the iliac legs to ensure that they did not collapse. The 
stents were manufactured from 0.4 mm nitinol wire and had an outside diameter of 
25 mm uncrimped. The vertical height of the stents was 25 mm. The devices had 
an outside proximal diameter of 28 mm and outside iliac diameters of 14 mm. 
Therefore, the oversizing of these devices was 16.67% in both the aneurysm neck 
and the iliac legs, which is similar to the degree of oversizing seen with EVAR.34 
It should be noted that although the proximal attachment areas of each stent-graft 
were similar, they were not identical because the nitinol stent-rings of the AneuRx 
taper inward near the bifurcation, as can be seen in Fig. 5. 



3.2 Stent Displacement Experiments 

For the displacement tests the model with the implanted stent in situ was inserted 
in the system shown in Fig. 6 and described by Corbett et al. [9]. Briefly, the 
system allows a fluid (at systemic temperature and with physiological pressure and 
flow waves) to be circulated to provide a realistic aortic flow environment for 
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Fig. 5 Stent-grafts used in 
the study: a laboratory 
manufactured device, 
b AneuRx device. Close-up 
of proximal attachment zone 
shown below 




laboratory testing. Displacement was carried out both during pulsatile flow (PF) 
and when there was no flow in the system (NF). 

For the NF tests the steady flow pump was turned on for 5 min prior to testing 
to ensure that the stent reached a physiological temperature approaching 37°C. Just 
before the motorised load cell was switched on the steady pump was stopped and 
the haemostasis valve for introducing the pressure catheter was opened to allow 
the pressure in the system to fall to ambient levels. When this had occurred the 
stent was dislodged from the AAA model without delay to ensure that the tem- 
perature remained close to 37°C. The load cell was used to record the maximum 
force required to completely dislodge the stent from the neck section of the model. 
This test was performed six times in both the WS and the WC model. 

Displacement during PF occurred at pressures of 120/80 and 140/100 mmHg. 
For these tests both the piston pump and the steady flow pump were switched on 
and the pressure was adjusted to the correct level. The system was allowed to run 
for 5 min before the stent was dislodged. Again the load cell was used to measure 
the maximum force required to dislodge the stent from the neck of the model and 
each test was performed six times in each model. 



3.3 Stent-Graft Displacement Experiments 



Displacement force testing was also carried out in a no flow (NF) situation for the 
stent-grafts to determine the fixation generated by the proximal stents alone [10]. 
These test were performed similarly to previously described displacement 
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Fig. 6 Flow loop used for displacement tests 



experiments undertaken in bovine and cadaver aortic segments [25, 34, 50, 59]. 
These tests were conducted in the cylindrical neck section of a silicone rubber 
AAA model. Prior to testing, both stent-grafts were coated with a layer of silicone 
rubber thrombus analogue to mimic the formation of a thrombus layer in vivo. In 
vivo a thin layer of thrombus forms on the graft fabric and usually completely 
seals the graft [21]. This has been mimicked previously by clotting stent-graft 
devices with materials like gelatine [5]. Gelatine however has been shown to have 
properties that are not similar to human thrombus [20]. Prior to testing the stent- 
grafts were pre clotted with an ILT analogue consisting of 45% Wacker RT601 
silicone rubber and 55% Dow Corning 200/5CS silicone fluid. This material was 
found to have similar properties to the medial layer of ILT in a previous study [8]. 
Each stent-graft was inserted 27 mm into the cylindrical neck section of a silicone 
rubber model with the aneurysm and iliac legs of the model removed. The silicone 
rubber neck section with the deployed stent-graft was immersed in water at 37°C 
to promote full expansion of the nitinol stents. To determine the peak neck fixation 
force generated by the proximal stents, each stent-graft was dislodged by placing a 
distal load on the bifurcation as the system was continually flushed with 37°C 
water. The load mechanism was created using "V" shapes from 2 pieces of 
0.5 mm (inner diameter) Harvard syringe pump tubing; a stiff polymer string was 
passed through these tubes and attached to a load cell on a movable lead screw, 
and the devices were pulled out at a constant rate of 40 mm/min (Fig. 7). These 
experiments were repeated 6 times and conducted without any flow in the system. 
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Fig. 7 Test apparatus for in vitro neck fixation displacement experiments; note that the ends of 
the stent-graft were open to atmospheric pressure 



Table 3 List of NF fixation 
length configurations and PF 
fixation length and systolic 
pressure configurations tested 



Device 



P (mmHg) Fixation length (mm) 



AneuRx 



Laboratory manufactured 



-(NF) 


27 


120 (PF) 


27,20 


140 (PF) 


27,20 


-(NF) 


27 


120 (PF) 


27, 20 


140 (PF) 


27 



15 



N = 6 in all cases except * where N = 3 

NF tests conducted in cylindrical neck section with aneurysm 

and iliacs removed and at atmospheric pressure 



The stent-grafts were also tested using a similar setup to Fig. 6 shown with the 
stent shown in Fig. 6 being replaced with the stent-grafts (for full description of 
system see [10]. The maximum force required to cause 5 mm displacement was 
recorded using the load cell 6 times for each device. The 5 mm migration criterion 
was chosen as it has been frequently used to define migration in clinical trials 
[7, 54, 55]. A 10 mm migration criterion has also been used [55] but the 5 mm 
criterion was selected to allow sufficient data to be collected from the 2 stent-grafts 
without causing severe damage that could affect results. 

To investigate the effect of neck fixation length and systolic pressure, the 
devices were tested in a number of different configurations of pressure and neck 
fixation length (Table 3). 



3.4 Distraction Forces 



3.4.1 Stent Distraction Forces 



Figure 8 presents a box and whisker plot of the displacement forces for the stent 
from the WS and WC models in the NF, 120/80 mmHg PF and 140/120 mmHg PF 
conditions. Table 4 lists the maximum minimum and mean displacement forces 
from both WS and WC models in the NF and PF conditions. 
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Fig. 8 Box and whisker plot of the displacement forces recorded in the WC model for all 
configurations 



Table 4 Mean and range of 
displacement forces recorded 
in all configurations 



Model 


Pressure 


Displacement force ± std dev (N) 




(mmHg) 


(range in parenthesis) n = 6 


WS 


No flow 


8.4 ± 0.32 (8.02 - 8.84) 




120/80 


7.48 ± 0.3 (7.02 - 7.82) 




140/120 


7.16 ±0.12 (7.01 - 7.35) 


WC 


No flow 


4.21 ±0.06 (4.13 - 4.3) 




120/80 


3.67 ± 0.09 (3.52 - 3.76) 




140/120 


3.7 ± 0.06 (3.61 - 3.76) 



There was a significant difference between the displacement force in each flow 
configuration between the WS model and the WC model. On average the 
displacement force was in the region of 50% lower in the WC model compared to 
the WS model for each flow configuration. 

In the WS models the mean displacement force when there was no flow (no 
pulsatile wall deformations) in the system was 8.4 ± 0.32 N. There was a sig- 
nificant reduction of 11% (to 7.48 ± 0.3 N) in the mean displacement force from 
this value when there was pulsatile flow (and pulsatile deformations of the wall) at 
a pressure of 120/80 mmHg. Further increasing the pressure to 140/100 mmHg 
was found to slightly decrease the mean displacement force by 4.3% (to 
7.16 ± 0.12 N). However this change was found to not be statistically significant. 

In the WC models the mean displacement force when there was no flow in the 
system was 4.21 ± 0.06 N. Similar to the WS models this force dropped signifi- 
cantly to 3.67 ± 0.09 N (12.8%) when there was pulsatile flow at a pressure of 
120/80 mmHg in the system. Increasing the pressure to 140/100 mmHg during 
pulsatile flow was not found to have any significant effect on the displacement 
force (3.7 ± 0.06 N) when using the WC model. 



3.4.2 Stent-Graft Distraction Forces 



Figure 9 shows the mean force required to dislodge both the laboratory manu- 
factured device and the AneuRx under neck fixation conditions. In the neck 
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Fig. 9 Stent-graft 
displacement forces for NF 
tests (above) and stent-graft 
displacement forces for PF 
tests (below) 
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fixation tests, once migration of the devices was initiated, there was no recovery of 
fixation (measured force peaked immediately prior to migration). 

Figure 9 also shows the mean force required to dislodge the AneuRx and 
laboratory manufactured devices under pulsatile flow conditions in the different 
systolic pressure and fixation length configurations. In all tests undertaken with the 
laboratory manufactured device, there was again no recovery of fixation once 
migration was initiated. However, once migration was initiated in the AneuRx 
device, the force required to migrate the device further continued to increase. 
Table 5 summarizes the results of all the displacement experiments. 

There was a significant difference between the displacement forces for the AneuRx 
(3.97 ± 0.42 N) and the laboratory manufactured device in the neck fixation tests, 
with the laboratory manufactured device (5.41 ± 0.23 N) performing better. How- 
ever, in the pulsatile flow experiments, the worst performing AneuRx configuration 
performed significantly better than the best performing laboratory manufactured 
configuration. Subjecting the laboratory manufactured device to the pulsatile flow tests 
significantly reduced the displacement force from the neck fixation. The inverse was 
true for the AneuRx device; when subjected to the pulsatile flow tests, the displacement 
force was significantly increased. In the pulsatile flow tests, an increase in systolic 
pressure or a decrease in proximal fixation length to 20 mm significantly reduced the 
displacement force for the laboratory manufactured. Reducing the proximal fixation 
length to 15 mm further reduced the displacement. 

When the proximal fixation of the AneuRx device was 27 mm, there was almost 
no difference in the mean displacement force when the systolic pressure was 120 and 
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Table 5 Results of NF and PF displacement tests in all configurations of fixation length and 
pressure 

Device Proximal Pressure Displacement force ± std dev (N) 

fixation mm mmHg (range in parenthesis) 

5.41 ± 0.23 (5.15 - 5.81) 
4.62 ± 0.25 (4.28 - 4.89) 
4 ± 0.06 (3.89 - 4.06) 
2.57 ±0.11 (2.44 - 2.7) 
3.97 ± 0.42 (3.45 - 4.51) 
8.52 ± 0.5 (8.03 - 9.38) 
8.51 ± 0.3 (8.19 - 9.04) 
7.68 ± 0.48 (6.9 - 8.2) 
6.95 ± 0.49 (6.3 - 7.49) 
7.89 ± 0.39 (7.3 - 8.21) 

140 mmHg. However, when the systohc pressure was 120 mmHg and the proximal 
fixation length was reduced to 20 mm, there was a significant reduction in dis- 
placement force. Keeping the systolic pressure at 120 mmHg but reducing the 
proximal fixation length to 15 mm caused a slight increase in mean displacement 
force over the previous configuration, but this was not significant. A significant 
reduction in displacement force was seen when the systolic pressure was increased 
from 120 to 140 mmHg while keeping the proximal fixation length at 20 mm. 

Previous tests by Veerapen et al. [59] and Malina et al. [34] have shown that the 
displacement force for passively fixated stents and stent-graftsis in the range of 
2.5-8 N. In the NF tests the displacement force in the silicone rubber models was 
within this range, thereby validating the use of these materials for such 
displacement studies. 



4 Investigation of Stent- Graft Longitudinal Rigidity 
and Influencing Parameters 

It is clear that implanting the iliac limbs of the AneuRx stent-graft into the iliac 
arteries of the model did increase the resistance to migration. This is because the 
longitudinally stiff device acted like a column and transferred some of the drag 
force to the distal ends of the device. This in turn acted together with the fixation 
offered by the proximal stents to provide extra fixation. To quantify this longitu- 
dinal rigidity the two stent-grafts already described were subjected to a series of 
compression tests in this part of the study. 



4.1 Compression System 

The stent-grafts clotted with the silicone rubber ILT analogue were inserted in the 
system shown in Fig. 10. A reservoir with a heater element and thermocouple-PID 
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Fig. 10 System used for 
compressing stent-grafts by 
5 mm 
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temperature control loop contained water at 37°C. Silicone tubing connected the 
reservoir to a circulating pump (Greylor, Cape Coral, FL, USA). This was con- 
nected via silicone tubing via a valve to a "Y" type connector. The "Y" type 
connectors were held rigidly in place in an adjustable clamping rig (not shown). 
One leg of the "Y" connectors was inserted into the iliac limbs of the stent-graft. 
The third leg of each "Y" connector was closed using haemostasis valves. At the 
proximal end of the stent-graft a 26 mm cylindrical plug was inserted 10 mm 
(the vertical length of one nitinol stent-ring) into the neck of the stent-graft. 
The plug was connected to a portable uniaxial tensile tester. This was used to 
compress the stent-grafts. A pressure catheter was used to monitor pressure in the 
system and was also connected to the data acquisition PC. Pressure in the system 
was maintained at a constant level by maintaining a pressurised column of air in 
the enclosed tank. The air column was connected via a 0.5 bar precision regulator 
to a compressor. When pressurising the system, clamps were closed to prevent 
fluid flowing from the stent-graft and enclosed tank back to the reservoir. 



4.2 Compression Testing 



To determine the effect of morphology and angulations on longitudinal stiffness 
each stent-graft was compressed by 5 mm in different configurations at physio- 
logical temperature and pressure. The pressure catheter was zeroed at ambient 



264 



T. Corbett et al. 



Table 6 Stent-graft configurations tested for longitudinal stiffness 



a (mm) 



b (mm) Pressure (mmHg) 



i 




i1 


1 


A 


r 1 



25 





120 


75 





100, 120, 140, 180 


75 





140 


75 


75 


120 


75 (limbs crossed) 





120 


100 





120 



pressure and inserted into one of the iliac limbs of the stent-graft via a haemostasis 
valve. The valves on the silicone tubing between the pump and the stent-graft and 
between the enclosed tank and the reservoir were opened and water at 37°C was 
allowed to flow through the system for 5 min. After 5 min the pump was turned off 
and the tubing valves were closed. The compressor was switched on and the 
pressure in the stent-graft was adjusted to 120 mmHg. The load cell and height 
scale were zeroed and then the motorised test stand was used to compress the stent- 
graft by 5 mm at a constant rate. Once 5 mm compression had been achieved the 
direction of movement of the load cell and height scale was reversed and the stent- 
graft was returned to its original length. The test speed was 40 mm/min. During 
testing the pressure in the device was monitored to ensure that it did not change. 
During the test the PC recorded the force-deflection behaviour of the devices. 

Both stent-grafts were compressed three times in each configuration shown in 
Table 6. The standard configuration was considered to be the situation where there 
was no curvature of the body and the Ljiiac was 75 mm. This configuration was based 
on both stent-graft geometry and AAA geometry from population means [24]. 

One configuration involved crossing the limbs of the stent-graft as this has been 
previously reported as a technique that may be useful in aneurysms with difficult 
geometry [49]. It has also been reported that it may reduce drag force in some 
circumstances [22]. The stent-grafts were also tested in one configuration to deter- 
mine if higher pressure (140 mmHg) had an effect on their longitudinal stiffness. 

In most cases when the graft compressed, the iliac bifurcation was also moved 
downwards and therefore the bifurcation angle had to increase signifying some 
bending in the iliac limbs. As the devices were compressed they stored energy, 
somewhat similar to a spring. This energy was released as the devices returned to 
their original length. Provided that the force-deflection behaviour is linear and that 
there is minimal buckling of the devices, the spring stiffness (k) which is the 
gradient of the force deflection curve may be used to characterise the resistance to 
migration of the devices in different configurations. 



Experimental Analysis of Endovascular Treatment 



265 



Fig. 11 Typical force- 
deformation curve for 5 mm 
stent-graft compression 
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Fig. 12 Force-deformation 
curve for laboratory 
manufactured device when 
Ljiiac was 100 mm, note the 
drop in compression force 
due to kink after ~ 2.9 mm 
of compression 
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The force-deformation behaviour of both devices was broadly similar in all but 
one configuration. A typical force-deformation plot is shown in Fig. 11. 
The devices had different load-deformation profiles for the compression and 
relaxation phases due to hysteresis (Fig. 11). Also it was evident that the com- 
pression loading phase had an initial stiff state and after ~2.5 mm of compression 
the stiffness of the device reduced somewhat. Therefore the initial stiffness (k;) of 
the devices is expressed as the slope of the best fit line to the loading curve of 
force-deflection behaviour for deflections of 0-2.5 mm. 

In the case of the laboratory manufactured device when Liuac was 100 mm there 
was a marked change in the load deformation profile. During initial compression in 
this configuration the device behaved as before, with the force required to com- 
press the device increasing with deformation. However after ~2.9 mm of com- 
pression a kink developed in the iliac limbs of the device causing a buckling effect 
close to the bifurcation which dramatically reduced the resistance of the device to 
further compression (Fig. 12). Because of this behaviour, the maximum com- 
pressive force (CFfnax) was also investigated as another measure of longitudinal 
stiffness as it was envisioned that different device configurations could result in 
similar initial stiffness but markedly different values of CFn^^x. 

The AneuRx device performed significantly better (p < 0.05) in all configu- 
rations compared to the laboratory manufactured device. The AneuRx device was 
hardest to compress when the body was straight and Liuac was 25 mm. In the 
standard configuration {Lm^^.: 75 mm) there was a slight but significant drop in the 
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k; and CFn^ax- Decreasing the pressure to 100 mmHg caused a significant reduction 
in CFmax however there was no significant difference in ki. An increase in pressure 
from 120 to 140 mmHg in the standard configuration did appear to slightly increase 
the resistance of the device to compression but the difference was not statistically 
significant. Increasing the internal pressure to 180 mmHg caused a significant 
reduction in CF^ax but had no effect on k;. When the iliac limbs were crossed and 
Liiiac was 75 mm with an internal pressure of 120 mmHg there was a slight but 
significant increase in k; and CF^^x from the standard configuration. Increasing Liuac 
to 100 mm caused a significant decrease in k; and CF„ax- The biggest reduction in 
longitudinal stiffness was seen when the stent-graft was bent out of plane with the 
legs 75 mm apart and 75 mm from the central axis of the proximal plug. 

The laboratory manufactured device was also hardest to compress when the body 
was straight and Ljuac was 25 mm. Similar to the AneuRx there was a significant 
reduction in k; and CFn,ax when the device was in the standard configuration. 
Similar to the AneuRx there was a significant reduction in CF,„ax but no significant 
change in k; when the pressure was reduced to 100 mmHg. There was a slight but 
not significant change in k, and CF^jax when the pressure in the device was increased 
from 120 to 140 mmHg. Similar to the AneuRx an increase in internal pressure to 
180 mmHg caused a significant decrease in CF„ax but this had no effect on ki. 
It should be noted that although there was no significant variation in k; between each 
pressure step that there was a significant difference in this measure at 100 and 
180 mmHg for both the AneuRx and the laboratory manufactured device. 

Unlike with the AneuRx device, crossing the iliac limbs of the laboratory 
manufactured device caused a significant drop in k; and CFmax from the standard 
configuration. As with the AneuRx, increasing Liuac to 100 mm significantly 
reduced the stiffness of the device compared with the standard configuration. This 
stiffness value is 7% lower than that of the laboratory manufactured device in the 
standard configuration. However, as previously stated, CF,„ax occurred 
after ~2.9 mm of compression. After 2.9 mm of compression a kink formed at 
the bifurcation reducing the force required to compress the device further and the 
5 mm compression force was much lower than CF^ax- In this configuration CF^ax 
was 44% less than in the standard configuration. Again the poorest performing 
configuration was when the stent-graft was bent out of plane with Lniac of 75 and 
75 mm from the central axis of the proximal plug. 

Table 7 presents the mean initial stiffness (kj) and maximum force (CFmax) 
generated during 5 mm of compression of both devices in all configurations. 



5 Investigation of the Axial Migration Force on the Proximal 
End of a Stent-Graft Model 

It is widely hypothesised that the continual downward haemodynamic forces acting 
on an implanted stent-graft device could be large enough to overcome the fixation 
force generated by the device and cause migration [27, 32, 35, 37, 38, 40, 51, 56, 63]. 
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Fig. 13 Stent-graft model 
used in study, note the 
polymer rib wrapped around 
the graft to mimic the 
influence of stents 




Many studies have detailed numerical analysis to calculate the drag force acting 
on a device in vivo. It has been shown that pressure, stent-graft diameter 
and bifurcation angle can influence the drag force experienced by the stent-graft 
[27,32,35,37,38,40,51,56,63]. 

Experimental studies have also been carried out in rigid stent-graft models 
and it has been shown that a relatively simple one dimensional steady inviscid 
analytical model can predict the drag force experienced by the device [35, 56, 
63]. 

While many studies have experimentally and numerically investigated the drag 
force acting on rigid stent-graft models, the proportion of force that is transferred 
to the proximal end of a non rigid model has not been fully explored. 

Recently we have designed and developed a customised rig for measuring the 
axial component of proximal migration (ACPM) force acting on a non rigid stent- 
graft model under physiological conditions. The effect of pressure, bifurcation 
angle and out of plane geometry on the ACPM force acting on the device is also 
investigated Corbett et al. [11]. 
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Stent-graft/toadcellGoupiing 



Loadcell 




'Proximal end 
(see above) 



Calibration jlllac limb 



pulley 



clamps 



Stent-graft 
Fig. 14 Migration force rig (proximal end shown above in more detail) 

5.1 Stent-Graft Model and Migration Force Rig 



The stent-graft model used (Fig. 13) consisted of a custom manufactured Dacron 
open surgery graft supported by a polymeric rib (Culzean Medical Devices Ayr- 
shire, Scotland). The polymeric rib imparted longitudinal and radial support to the 
device in a similar fashion to the stents of a stent-graft. The proximal and iliac 
limb diameters were 24 and 12 mm, respectively. The main body had a length of 
100 mm and the iliac limbs were 70 mm long. This geometry was considered as 
the "average" stent-graft because in the study group of Laheij et al. [24] the mean 
proximal neck internal diameter was 24 mm and the mean iliac artery internal 
diameter was 12 mm in a study group of 3,413 patients receiving EVAR. 
The stent-graft model was again coated with the ILT analogue as previously 
outlined. 
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Fig. 15 Flow circuit for 
ACPM force measurement 
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The stent-graft model was mounted in the migration force rig shown in Fig. 14 
and described by Corbett et al. [11]. At the proximal end an aluminium bracket 
was bolted to the base. The bracket held a fixed inlet and a linear bearing. 
The bearing allows for axial motion of the stent-graft outlet so that only the axial 
component of force was measured by the load cell (BFG 50 N, Mecmesin, West 
Sussex, UK). To allow the axial force at the proximal end to be measured, the inlet 
and stent-graft connector were joined by a custom made flexible silicone rubber 
membrane. The load cell was also mounted on the aluminium bracket and the spur 
was attached to the proximal end of the stent-graft via a coupling which clamped 
the stent-graft tightly around the stent-graft connector. A stiff string was also 
clamped in place by the coupling to allow for the response of the load cell to be 
calibrated. This was achieved by passing the string over the pulley and out through 
holes in the base. Calibration weights were attached to the end of the string and the 
voltage output of the load cell was measured. The iliac limb ends were held rigidly 
in position by a clamping system that allowed both the bifurcation angle and the 
body tortuousity to be altered. 



5.2 Flow Loop 



The migration force rig was placed into the flow loop shown in Fig. 15. 
The flow loop consisted of a reservoir (1) which contained the working fluid. 
The fluid used was a 42% Glycerine and 58% water mixture. This was found to 
have a viscosity of 3.16 mPas using a viscometer (Brookfield DV II, Brookfield 
Engineering Laboratories Inc. Middleboro, MA, USA) and a density of 1100 kg/ 
m . A steady flow gear pump (2) (Greylor, Cape Coral, FL, USA) was used to 
provide the steady component of flow while a computer controlled piston pump 
(3) provided pulsatile flow. A compliance chamber (4) and an ultrasonic 
flowmeter probe (ME 19 PXN, Transonic Systems Inc. Ithaca, NY, USA) 
(5) were placed proximal to a 0.7 m inlet length to ensure that the flow entering 
the stent-graft was fully developed. This entrance length was calculated based on 
the mean flow [20]. For confidence the calculated entrance length was doubled. 
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Fig. 16 Geometric stent- 
graft configurations 
investigated 
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The flow probe was connected to a Transonic TS410 ultrasonic flowmeter. 
A pressure catheter (CTC 4F Gaeltec, Isle of Skye, Scotland) (6) was used to 
monitor pressure in the system. The pressure catheter and the flowmeter were 
connected to a PC running National Instruments Labview for data acquisition. 
The test section (8) consisted of the stent-graft model placed in the migration 
force rig. The analogue output of the load cell was also connected to the data 
acquisition PC. Distal compliance (9) was placed downstream of the test section. 
Pressure in the system was tuned by adjusting the volume of air in the com- 
pliance chambers and tightening or loosening tubing clamps placed downstream 
to the distal compliance and at the inlets of both compliances. 

To determine the effect of stent-graft morphology on the ACPM force the stent- 
graft model was analysed in the six configurations shown in Fig. 16. In these 
configurations the ACPM force was measured at systolic pressures (Pgys) of 120 
and 140 mmHg. 



5.3 System Calibration and ACPM Forces 



The output from the load cell on the migration force rig was calibrated in all the 
configurations of Fig. 16 and at internal pressures of 0, 40, 80, 120 and 160 mmHg. 
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Fig. 17 Calibration of 
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Figure 17 shows a sample calibration curve. This curve was generated when the 
stent-graft was in the tortuous configuration with a bifurcation angle of 90° (see 
Fig. 16). The voltage output was found to be linear in all configurations and its 
relationship to applied calibration weight was not affected by pressure except for an 
initial offset due to the force caused by graft pressurisation (Fig. 17). This initial 
offset is expected because internal pressurization without any fluid flow actually 
causes a distal force on the graft. Because the linearity or slope of the calibration 
curves was not affected by pressure, the load cell voltage could be converted to a 
force with confidence at all pressures. 

A flow wave similar to that described by Fraser et al. [18] (Fig. 18) was gen- 
erated using the computer controlled piston pump and the steady flow pump shown 
in Fig. 18. The mean flowrate was 0.8 1/min and the heart rate was ~65BPM [18]. 
The pressure, flow and ACPM force were sampled at 100 Hz for at least 100 
cycles. To reduce the effect of noise on the signal the average flow, pressure and 
ACPM force waveforms over the 100 cycles were calculated. The pressure in 
the system was adjusted to values of 120/60 and 140/80 mmHg by adjusting the 
quantities of water in the compliance chambers and by varying the distal resistance 
of the system by means of a tubing clamp. The pressure and flow pulses used in 
the system are shown in Fig. 18. 

A typical ACPM force waveform (straight configuration, bifurcation angle 60° 
and systolic pressure of 120 mmHg) is plotted against the recorded flow and 
pressure waveforms in Fig. 19. Also shown is a comparison of a raw ACPM force 
waveform and the averaged ACPM force waveform. 

Table 8 lists the maximum, minimum and average ACPM force experienced by 
the proximal end of the stent-graft model in all configurations during the cycle. 
Increasing the systolic pressure, the bifurcation angle or the tortousity of the graft 
caused an increase in measured ACPM force. 

To investigate the relationship between drag force and ACPM force, the drag 
force was calculated for the straight geometries using Eq. 1 [35]. This equation 
was validated in vitro by Zhou et al. [63] who found that it gave a reasonably 
accurate estimate of the axial drag force acting on a rigid model of a bifurcated 
endovascular stent-graft. 
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Fig. 18 Pressure pulses 
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Where P is pressure, A is area, U is mean velocity and p is density, subscript 1 
refers to these parameters at the proximal inlet while subscript 2 refers to these 
parameters at the distal outlets. 

The drag force was computed for the straight geometries using the flow and 
pressure pulse data shown in Fig. 18 in Eq. 6. Figure 20 shows a comparison of 
measured ACPM force and calculated drag force for the straight configuration with 
bifurcation angle of 60° and systolic pressure of 120 mmHg. For this configuration 
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Fig. 19 The measured 
ACPM force plotted against 
the pressure pulse (top) and 
against the flow pulse (below) 
for the straight configuration 
with bifurcation angle of 60° 
and systolic pressure of 
120 mmHg 
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Table 8 ACPM forces for each configuration of tortousity , bifurcation angle and systolic pressure 



Tortousity, a (mm) 



Leg angle, d (°) 



ACPM force (N) 



120 mmHg 



140 mmHg 



(straight) 



30 (tortous) 



60 (very tortous) 



60 



90 



60 



90 



60 



90 



Max: 2.56 
Min: 1.02 
Mean: 1.61 
Max: 3.51 
Min: 1.09 
Mean: 2.01 
Max: 3.21 
Min: 1.36 
Mean: 2.07 
Max: 3.73 
Min: 1.43 
Mean: 2.3 
Max: 3.57 
Min: 1.48 
Mean: 2.27 
Max: 4.29 
Min: 2.72 
Mean: 1.78 



Max: 3 
Min: 1.5 
Mean: 2.09 
Max: 4.08 
Min: 1.82 
Mean: 2.69 
Max: 3.81 
Min: 2.03 
Mean: 2.72 
Max: 4.27 
Min: 2.11 
Mean: 2.92 
Max: 4.05 
Min: 2.07 
Mean: 2.83 
Max: 4.92 
Min: 2.56 
Mean: 3.43 
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Fig. 20 Comparison of 
measured ACPM force and 
calculated drag force for 
straight configuration with 
bifurcation angle of 60° and 
systolic pressure of 
120 mmHg 
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Table 9 Comparison of 
calculated drag and measured 
ACPM forces for straight 
configurations 



Leg angle, 

0C) 



Calculated 
drag force 



Measured 
ACPM force 



Drag force 
attenuated (%) 



60 


120 


4.06 


2.56 


36.95 




140 


4.81 


3 


37.63 


90 


120 


4.23 


3.51 


17.02 




140 


4.89 


4.08 


16.56 



and pressure the maximum calculated drag force was 4.06 N and the maximum 
ACPM force was 2.56 N. At these values the ACPM force is 36.95% less than the 
drag force. Table 9 presents a comparison of the maximum calculated drag force 
and the maximum measured ACPM force for the two straight configurations. 

Using the calibration curves (example curve shown in Fig. 17) it was possible 
to determine how much of the ACMP force was due to viscous forces and pulsatile 
flow. This was achieved by comparing the voltage output from the load cell when 
it was subjected to static pressures of 120 and 140 mmHg (interpolated) with no 
calibration weights to the voltage when the stent-graft model was subjected to 
pulsatile flow. The mean difference between static pressure force and flow force 
was 10.8%. This finding is logical since Zhou et al. [63] found previously that the 
viscous forces and pulsatility accounted for ~ 10% of the total maximum drag 
force acting on their stent-graft model. 



6 Discussion and Conclusions 



Type lA endoleak is a long term (>one year after EVAR) failure of the seal between 
the proximal neck of an abdominal aortic aneurysm and an implanted stent-graft. 
When type I endoleak occurs there is substantial risk of rupture to the aneurysm [6]. 
The primary cause of this complication is downward movement (migration) of the 
proximal end of the implanted stent-graft. It has been reported that little or no 
ingrowth or healing occurs between the implanted stent-graft and the aortic wall [33] . 
Therefore, migration can be considered as a completely mechanical event. The 
factors and forces causing migration are not completely understood. However, it can 
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be stated that migration is initiated when the summation of all the downward 
haemodynamic forces exceeds the summation of all the fixation forces at the prox- 
imal end of the device. An extensive amount of research has been undertaken in the 
past decade to quantitatively investigate the nature of both the downward haemo- 
dynamic forces and the fixation force of different devices [2, 25-32, 34, 36, 41, 43, 
50, 56, 59, 63]. This research has also extended to an investigation of how parameters 
such as proximal stent design or fixation lengths increase or decrease these forces. 
However there were some limitations to previous studies reported in the literature. 
Chief amongst these were limitations of previously reported experimental fixation 
experiments. Previous in vitro studies comprised of an investigation of proximal 
fixation only and previous in vivo studies were limited by unrealistic device over- 
sizing. Because previously reported studies were undertaken with animal tissue with 
inherent variations in material properties, there was no investigation of how vessel 
wall properties affected fixation. While it has been known for some time that lon- 
gitudinal stiffness can assist the fixation of an implanted stent-graft, this parameter 
has not previously been quantified. The drag force acting on stent-graft models has 
been previously investigated by numerical, computational and experimental means 
[26-32, 36, 41, 56, 63]. In previous experimental studies the models were rigid and 
the effect of this assumption of rigidity on the force transferred to the proximal end 
was not clear. While some computational studies did include deformable stent-graft 
models they only reported drag on the total graft and not the force acting on the 
fixation at the proximal end. 

To address the problems with availability and variability of cadaver and animal 
tissue, a novel adjunct to previously described injection moulding methods was 
developed. This allowed for the manufacture of models with different wall prop- 
erties without changing or compromising the geometry of the models. This was 
facilitated by adding a second material (Dow Corning 200/5CS silicone fluid) to 
the base material (Wacker RT601). It has been previously demonstrated that a 
model manufactured from 100% Wacker had physiological properties [41]. The 
study confirmed this finding and it was also shown that a mixture with a ratio of 
90:10 RT601:200/5CS resulted in a physiological model with significantly dif- 
ferent properties than the 100% RT601 model. These repeatable models allowed 
for the model properties to be tightly controlled so that the effect of these prop- 
erties on fixation could be investigated. In addition to this, the effect of other 
parameters affecting fixation could be investigated without the inclusion of 
undesirable variations inherent in cadaver or animal tissue. Uniaxial tensile testing 
was performed on these materials and strain energy functions representing their 
behaviour were determined. The pressure-diameter change relationship of the 
models was investigated using the finite element method and a good correlation 
was found between the FEA and the experimental results. This validated finite 
element model and the strain energy functions may be of use in designing future 
realistic models or numerically modelling stent-graft fixation behaviour. 

The use of silicone rubbers for the manufacture of AAA models is not without 
its limitations. Firstly silicone rubber is known as a material with a high coefficient 
of static friction. It is possible that the friction behaviour between a stent-graft and 
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the mock artery is different than that between an implanted stent-graft and the 
tunica intima. However, recent resuhs from collaborative work between the 
University of Limerick and the University of Arizona suggest that the coefficient 
of friction between the AneuRx and a silicone rubber tube is somewhat similar to 
that between an artery and a stent [57]. Vad et al. [57] determined that the coef- 
ficient of friction between the AneuRx and a 24 mm ID silicone rubber tube to be 
0.065 while previous studies [47, 62] have reported a coefficient of friction of 0.05 
between a stent and the artery wall. While the AAA models behaved physiolog- 
ically at physiological pressures it should be noted that there are differences 
between the stress-strain behaviour of silicone rubber and aneurysmal tissue. 
Raghavan et al. [48] found the initial modulus (EjniJ of aneurysmal tissue to 
be ~0.56 MPa. It was shown that Ejnii was much higher for the silicone rubber 
wall materials (1.57 and 2.22 MPa). Therefore care should be taken if using these 
models at different pressures to ensure that their behaviour remains physiological. 
While there was no viscoelastic behaviour observed while prestressing the mate- 
rials during uniaxial tensile testing it is possible that over a long period that these 
effects might change the behaviour of the models. Therefore it would be prudent to 
determine how time affects the behaviour of the materials. Until the nature of the 
time varying behaviour (if any) of the material can be established all models 
should be used within three months as outlined in BSIS037. 

A flow loop was used to investigate what parameters affected the force required 
to dislodge both stents and stent-grafts from their initial position within silicone 
rubber models. The in vitro displacement force setup of the flow loop and the 
silicone models had a number of potential advantages over previous stent and 
stent-graft fixation tests as discussed previously. 

While the potential advantages of using the flow loop and the silicone rubber 
models were clear, it was not known whether the fixation generated between a the 
stents or stent-grafts and aortic tissue would be mirrored using the silicone rubber 
models. To investigate this, previously reported in vitro experiments (similar to 
those described by Malina et al. [34] and others) were recreated using a cylindrical 
section of the silicone rubber model rather than aortic tissue. The mean dis- 
placement force for the stents and stent-grafts ranged from 3.97 ± 0.42 to 
8.4 ± 0.32 N which is within the range for passive stents implanted in cadaveric 
or bovine aorta [34, 59]. 

Two different stent-grafts were used in the study, a commercially available 
longitudinally stiff device (AneuRx) and a laboratory manufactured device with 
little longitudinal stiffness, both with passive fixation. While the latter device was 
somewhat unrealistic in modern terms it was similar to the first generation of 
devices and interesting for the purposes of comparison [3]. The oversizing per- 
centage for the proximal end of the devices was within the recommended range for 
EVAR. 

In the silicone rubber AAA models the oversizing percentage was 16.6% in 
both the proximal neck and the iliac legs when the model was unpressurised. This 
oversizing percentage was based on the internal diameter of the model. During 
pulsatile flow the pressure in the models would have reduced the oversized 
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percentage of the stent-graft to 11% at 120 mmHg and to 9.88% at 140 mmHg, 
thereby reducing the radial force of the proximal stents and therefore reducing the 
fixation of the proximal stents of the devices. There was a dramatic reduction in 
the force required to dislodge the laboratory manufactured device due to this 
reduction and also due to the presence of drag force acting on the device. There 
was actually an increase in the displacement force for the AneuRx device due to 
the presence of longitudinal rigidity. Indeed it was shown that the fixation due to 
longitudinal rigidity of the AneuRx device could be more important than the 
fixation due to the proximal stents. The experiments during physiological flow also 
showed that either a reduction in proximal fixation length or an increase in systolic 
pressure could dramatically reduce the force required to dislodge the laboratory 
manufactured device. A reduction in proximal fixation length caused the largest 
drop in displacement force. This is in agreement with previously reported clinical 
findings that have linked hypertension and short proximal neck length to migra- 
tion. There was a greater degree of variability in the displacement forces measured 
for the AneuRx than measured for the laboratory manufactured device. This may 
have been due in part to slight differences in the compressive behaviour of the 
AneuRx from test to test. Because of this variability it was somewhat harder to 
draw conclusions regarding the effect of proximal fixation length and increased 
systolic pressure on the displacement forces for this device. Shortening the 
proximal fixation length in our study had the knock on effect of increasing the iliac 
fixation length. It has been shown that increased iliac fixation length can reduce the 
risk of migration in the AneuRx device [2]. An initial reduction in proximal 
fixation length was found to reduce the force required to displace the AneuRx, but 
the displacement force rose again when the proximal fixation length was further 
reduced. This was possibly due to increased iliac fixation. The displacement forces 
measured in this study for the AneuRx were much lower than those reported in the 
unrealistic case of the ovine model [2, 43]. The results of this work show the 
benefits of dislodgement analysis in a carefully controlled in vitro environment 
where large amounts of data can be accumulated quickly and efficiently. 

It should be noted that the displacement force measured in these pulsatile flow 
experiments is the force required to cause migration of the graft in addition to all 
the haemodynamic forces acting on it. It is the "safety envelope" that must be 
exceeded before the graft begins to migrate. Alone it is useful for comparing 
different stent-grafts based on their resistance to migration and could be a useful 
tool in the preclinical testing of endovascular grafts. However coupled with other 
information presented in this study it may be possible to determine how changing 
different parameters could diminish this safety envelope and increase the risk of 
migration of an implanted device. 

To isolate the effect of wall properties and wall pulsatility on fixation, a 
proximal stent alone was analysed in similar pullout tests but in models with 
different properties. It was determined that the force required to displace the stent 
was greater in a less compliant model. It has previously been shown that there is a 
high amount of variability in the properties of aortic tissue in patients with AAA 
[52]. Paradoxically this finding could mean that patients with more healthy and 
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compliant fixation sites could possibly be more prone to migration. Obviously care 
must be taken in analysing the results of this study and while it is an interesting 
finding it should be further investigated in retrospective clinical trials to determine if 
the simplifying assumptions of the experiment (geometry, use of stent only) and the 
use of silicone rubber impinged on the results. This study also showed that the fixa- 
tion of the stent was reduced due to wall pulsatility and the diameter change due to 
pressurisation to normal physiological levels. Further increasing the pressure to the 
hypertensive range was not found to further decrease the fixation of the stent. 

Longitudinal stiffness is a secondary fixation mechanism used on a number of 
commercially available devices and was found to be as important as proximal 
fixation in the AneuRx device. Previously no methodology for the measurement of 
longitudinal stiffness existed. A novel test was developed to investigate the 
increase in fixation due to longitudinal stiffness and to compare the longitudinal 
stiffness of different devices. A key objective of this test was also to determine 
how geometrical parameters affect the longitudinal stiffness of endovascular grafts. 
Two measures of longitudinal stiffness were investigated. The first being the initial 
stiffness (kj) of the stent-graft and the second being the maximum force recorded 
over 5 mm of compression of the device (CFmax)- The maximum compression 
force was found to be a more valuable measurement because it could reflect the 
existence of behaviour (e.g. kinking) that cannot be described by considering the 
device as a spring. While the better performance of the AneuRx in these tests was 
expected, an interesting finding was that in an idealised configuration the labo- 
ratory manufactured device could actually resist a reasonable amount of com- 
pressive force before being compressed to clinically significant levels. Placing the 
ends of the iliac leg outside the centre plane of the body of the graft significantly 
reduced the longitudinal stiffness of both devices by almost 50% in the AneuRx 
and by over 80% in the laboratory manufactured device compared to the ideal 
configurations. The force required to cause 5 mm compression of the AneuRx 
device in this configuration was still higher than the fixation due to the proximal 
stent for this device. Increasing the bifurcation angle was also shown to reduce the 
amount of force required to cause 5 mm compression of the devices. Another 
interesting finding from these tests was that a stent-graft kink may significantly 
reduce the longitudinal stiffness of a stent-graft. Previous studies have linked stent- 
graft kinking to migration, however it is not known which parameter is the cause 
and which is the effect [17]. From this finding it appears that if kink occurs in 
certain areas that it may increase the risk of migration by reducing longitudinal 
stiffness. It was hypothesised that increasing the pressure might help the devices to 
hold their shape and resist buckling and compression. However, this proved not to 
be the case, meaning that increased pressure has no known benefits and many 
reported disadvantages from the viewpoint of successful aneurysm exclusion. 

The drag force acting on bifurcated stent-graft models has previously been 
calculated both experimentally and numerically [26-32, 36, 40, 56, 63]. However 
while the drag force acting on the device is an important consideration, it was not 
clear whether all of the drag force is transferred to the proximal end of the device. 
The longitudinal stiffness measurements showed that small compressive 
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deformations of the graft could set up relatively large reaction forces which could 
attenuate the drag force acting on the proximal end of the device. The results of the 
ACPM force analysis corroborated this hypothesis with the measured axial 
migration force being much less than the calculated drag force. It was also shown 
that factors that have previously been found to increase drag (increased pressure, 
increased bifurcation angle and out of plane tortuosity) also increased the axial 
migration force The fact that a portion of the drag force is attenuated by com- 
pressive forces in the graft, may be an interesting area of investigation when 
designing new devices, and methods of maximising this attenuation could be 
investigated. It was also found that on average 10% of the total axial migration force 
was due to viscous forces and the pulsatile nature of the flow. This finding mirrored 
the finding of Zhou et al. [63] who experimentally determined that the component of 
drag force due to these parameters was also 10%. It is important to note that while 
stiffness is useful in preventing migration that some degree of compressibility may 
also be important in attenuating the drag force acting on the graft. It is unlikely that 
any conceivable stent-graft device would be so rigid that it would not compress under 
normal drag forces and attenuate the drag force somewhat. Indeed it is likely that the 
AneuRx device is close to the maximum practical stiffness in terms of stent-graft 
design. This is because stiffer devices do not conform to tortuous vessels easily. 
As there is always some degree of tortuosity present in the aorta, it follows that 
stent-graft devices also need some degree of flexibility. 

In terms of the safety envelope previously discussed, it is clear that an increase 
of pressure would not increase the longitudinal stiffness of the device, but would 
increase the proximal migration force and should decrease the displacement force. 
This was seen in the laboratory manufactured device but not always in the 
AneuRx, again possibly due to variability in the results for this stent-graft. 
Increasing the bifurcation angle or placing the graft in a tortuous configuration 
would have the double effect of lowering longitudinal stiffness and increasing the 
proximal migration force, and again this should reduce the size of this safety 
envelope. It is possible that stent-grafts placed in more compliant arteries could 
also have a smaller safety envelope than stent-grafts in stiffer arteries. 

In this work, symmetrical AAA models were used to determine the force required 
to displace implanted stent-grafts. In reality AAAs are not symmetrical and there are 
angulations of the neck, the aneurysm sac and the iliac arteries in both the coronal 
and the sagittal planes [12]. While these factors could increase the axial migration 
force and decrease the longitudinal stiffness of an implanted device, they could also 
have implications for proximal stent attachment. It has been previously shown that 
high neck angulations can have the effect of "lifting" the proximal stent from the 
wall in some locations [1]. Methodologies for generating patient specific silicone 
rubber AAA models have been previously documented [12, 41]. For the purposes of 
migration investigations, an improved idealised (quasi realistic) geometry would be 
more useful. This geometry could be based on population means of measures such as 
neck angle (coronal and sagittal), neck length, neck diameter, length, aneurysm 
diameter, aneurysm asymmetry [12], iliac angle (coronal and sagittal), and iliac 
diameter. A model set with variations in critical dimensions (Neck angle, neck 
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diameter, bifurcation angle) from these mean values towards the limit of aneurysm 
geometry that can be treated by EVAR could be created and the effect of varying 
these geometrical parameters could be investigated in depth. 

Only passively fixated (devices without hooks or barbs on the proximal stent) 
infrarenal devices were analysed in this study. Silicone rubber has been shown to 
have relatively low tear strength and if completely penetrated by a number of barbs 
the model could rupture making testing impossible. 

Devices with suprarenal fixation have allowed EVAR to be practised in patients 
with very short proximal necks. These devices usually have a bare proximal stent 
that crosses the renal arteries or fenestrations that allow blood to flow into the renal 
arteries. It has been shown that fenestrated devices with a stent placed in a 
branching artery resist higher migration forces than non fenestrated devices [64]. 
Again it would be interesting to determine the amount of force these types of 
devices could withstand while subjected to physiological flow. 

If these proposed tests show that the silicone models cannot withstand rupture 
due to tearing because of barb penetration and internal pressurisation, a composite 
model could be developed consisting of a silicone rubber aneurysm sac and iliac 
arteries and a bovine proximal neck. Models with bovine proximal necks and rigid 
aneurysms have already been described [23] and an extension of this method 
would allow for a compliant aneurysm with a biological proximal neck. 
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Abstract Aneurysmal dilatation of the aorta can occur along all the 3 divisions of 
the thoracic aorta and most commonly affect males in the sixth and seventh decade 
of life. These aneurysms, if remained un-noticed, grow and eventually dissect or 
rupture (or both). They are mostly degenerative in nature and are often discovered 
incidentally. A number of diagnostic modalities are used to diagnose them and 
Computed Tomography (CT) of the Aorta, has revolutionized the way we diag- 
nose, follow and treat these aneurysms using different semi-automated algorithms. 
Proximal thoracic aneurysms (ascending and arch) are predominantly treated using 
an open approach, whereas distal aneurysms (descending) can be treated utilizing 
either an open or an endovascular approach, with the endovascular approach being 
favored for degenerative descending aortic aneurysms. More extensive aneurysms 
can be treated using hybrid procedures. The knowledge of different engineering 
principles, such as biomechanics of the thoracic aorta and computational flow 
dynamics has allowed us to understand the forces acting on these thoracic endo- 
grafts and has and will provide further insights on how to modify the currently 
available devices and eventually patient outcomes. 
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An aneurysm is defined as a localized dilatation of the aorta in excess of 50%, 
including all three layers of the vessel (intima, media, and adventitia) [1]. An 
aneurysm can be localized to a single aortic segment, or it can involve 
multiple segments. Thoracoabdominal aortic aneurysms, for example, involve 
both the descending thoracic aorta and the abdominal aorta. In the most 
extreme cases, the entire aorta is aneurysmal; this condition is often called 
mega-aorta. 



1 Classification 

Aortic aneurysms can be either "true" or "false." True aneurysms can take two 
forms: fusiform and saccular. Fusiform aneurysms are more common and are 
symmetrical dilatations of the aorta. Saccular aneurysms are localized outpouch- 
ings of the aorta. False aneurysms, also called pseudoaneurysms, are leaks in the 
aortic wall that cause blood to collect in pouches of scar tissue on the exterior of 
the aorta. 

Aneurysms of the thoracic aorta can be classified into four general anatomic 
categories, although some aneurysms involve more than one segment [2]: 

Ascending aortic aneurysms arise anywhere from the aortic valve to the innomi- 
nate artery — 60% 

Aortic arch aneurysms include any thoracic aneurysm that involves the brachi- 
ocephalic vessels — 10% 

Descending aortic aneurysms distal to the left subclavian artery — 40% 

Thoracoabdominal aneurysms — 10% 

Beyond distinguishing thoracic aneurysms by anatomic position, these broad 
categories further provide guidance for the operative approach to repair the 
aneurysm, intraoperative circulatory management, and end-organ injury risk 
stratification. We will be focusing our details on the assessment of thoracic aortic 
aneurysms only, for the purpose of this review (Fig. 1). 



2 Epidemiology 

The incidence of thoracic aortic aneurysm is estimated to be 6-10 cases per 
100,000 patient years [3, 4]. They occur most commonly in the sixth and seventh 
decade of life with males being affected two to four times more commonly than 
females. Hypertension is an important risk factor and up to 13% of patients 
diagnosed with an aortic aneurysm are found to have multiple aneurysms; 
approximately 20-25% of patients with a large thoracic aortic aneurysm also have 
an abdominal aortic aneurysm [5, 6]. 
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Fig. 1 Schema 
demonstrating the 3 
anatomical divisions of the 
thoracic aorta 




Descending 
Aorta y 



3 Natural History 



The natural history of thoracic aortic aneurysms is characterized by progressive 
aortic dilatation and eventual dissection, rupture, or both. An analysis of 1600 
patients with thoracic aortic disease by Elefteriades has helped quantify some 
well-recognized risks [7]. Although imaging methods were suboptimal, the aver- 
age expansion rates were 0.07 and 0.19 cm/y in ascending and descending thoracic 
aortic aneurysms respectively. 

The most important determinant of rupture is the aneurysm size [8-10]. One 
study of 133 patients (with ascending aortic or aortic arch disease alone in 40%, 
descending thoracic aortic disease alone in 31%, and both in 29%). found that the 
five year risk of rupture was 0% for aneurysms less than 40 mm, 16% for aneu- 
rysms 40-59 and 31% for aneurysms >60 mm [8]. In a prospective study of 721 
patients with ascending disease, the risk of dissection or rupture was 2% per year 
for aneurysms less than 50 mm, 3% for aneurysms between 50 and 59 mm, and 
7% for aneurysms >60 mm [11]. 

The rate of growth is related to the initial diameter with larger aneurysms 
growing more quickly as illustrated by a study of 67 patients with thoracic aortic 
aneurysm who underwent serial CT imaging [12]. The rate of expansion was much 
greater for aneurysms more than 50 mm in diameter (7.9 vs. 1.7 mm per year in 
smaller aneurysms) independent of the history of being hypertensive. 

Certain types of aneurysms have an increased propensity for expansion and 
rupture. For example, aneurysms in patients with Marfan syndrome tend to dilate 
at an accelerated rate and rupture or dissect at smaller diameters than non- 
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Marfan-related aneurysms, with aortic root complications causing the majority of 
deaths [13]. Saccular aneurysms tend to grow more rapidly than fusiform 
aneurysms. 



4 Etiology and Pathogenesis 

The normal aorta derives its elasticity and tensile strength from the medial layer, 
which includes lamellae of elastin, collagen, and smooth muscle cells. During 
systole, kinetic energy imparted by ventricular ejection is absorbed in the compli- 
ance of the aorta, resulting in transient expansion and recoil. The amount of energy 
absorption is proportional to the proximity to the left ventricle. As such, the 
ascending, descending, and abdominal aorta have different cellular features to 
accommodate their unique fluid-mechanical environments. Elastin fiber content is 
typically higher in the ascending aorta. These fibers are synthesized and degraded 
continuously by the smooth muscle cells, and a progressive fragmentation of these 
fibers is associated with aging, which is the reason for gradual dilation of the 
ascending aorta in the elderly. However, certain acquired conditions can accelerate 
the process, producing the pathologically enlarged aorta resulting in aneurysms [14]. 

Hemodynamic factors clearly contribute to the process of aortic dilatation, yet 
are complex in nature. The vicious cycle of increasing diameter and increasing 
wall tension, as described in Laplace's law (tension — pressure x radius), is well 
established. Turbulent blood flow may also impart a risk for developing significant 
aortic pathology. This is clearly demonstrated in patients where there is a stenosis 
(within the aortic valve or at the aortic isthmus), and the region immediately distal 
to the stenosis appears aneurysmal. Hemodynamic derangements, however, are 
only one piece of a complex puzzle. 

The vast majority of descending thoracic aneurysms are associated with 
atherosclerosis [2] and the risk factors for aneurysm formation are the same as 
those for atherosclerosis (e.g., hypertension, hypercholesterolemia, smoking) [15]. 
However, it remains unclear whether atherosclerosis is actually responsible for 
aneurysm formation [15]. It seems likely that there is a multifactorial, systemic, 
nonatherosclerotic causal process, such as a defect in vascular structural proteins, 
with atherosclerosis occurring secondarily [16]. 

Some of the pathologies resulting in thoracic aneurysms (Table 1) are discussed 
as follows: 



4.1 Nonspecific Medial Degeneration 

Histologic findings of mild medial degeneration, including fragmentation of elastic 
fibers and loss of smooth muscle cells, are expected in the aging aorta. However, 
an advanced, accelerated form of medial degeneration leads to progressive 
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Table 1 Causes of thoracic aortic aneurysms 



Non-specific medial degeneration 

Aortic dissection 

Genetic 

Marfan syndrome 

Ehlers-Danlos syndrome 

Loeys-Dietz syndrome 

Familial thoracic aortic aneurysm and dissection syndrome (FTAAD) 
Congenital (bicuspid aortic valve) 
Mycotic 
Autoimmune 




Fig. 2 Dissection of the thoracic aorta extending from the arch to the descending thoracic aorta. 
a Sagittal, b coronal and c axial views 

weakening of the aortic wall, aneurysm formation, and eventual dissection, rup- 
ture, or both. The underlying cause of medial degeneration disease, however, 
remains unknown. 



4.2 Aortic Dissection 

An aortic dissection usually begins as a tear in the inner aortic wall, which initiates 
a progressive separation of the medial layers and creates two channels within 
the aorta. This event profoundly weakens the aortic wall, which often leads to 
aneurysm formation (Fig. 2). 



4.3 Genetic Disorders 



4.3.1 Marfan Syndrome 



Marfan syndrome is a disorder characterized by a mutation in the fibrillin gene 15. 
Patients usually present with a tall stature, joint hypermobility, eye lens 
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dislocation, mitral valve prolapse and aortic aneurysms. The aortic wall is 
weakened by fragmentation of elastic fibers and deposition of extensive amounts 
of mucopolysaccharides (a process previously called cystic medial degeneration). 
The traditionally held view is that abnormal fibrillin (caused by a mutation in the 
FBN-1 gene) in the extracellular matrix decreases connective tissue strength and 
results in abnormal elasticity, which predisposes the aorta to dilatation from wall 
tension caused by left ventricular ejection impulses [17]. More recent evidence, 
however, shows that the abnormal fibrillin causes degeneration of the aortic wall 
matrix by increasing the activity of transforming growth factor beta (TGF-/^) [18]. 
Aortic root disease, which leads to the formation of aneurysmal dilatation, aortic 
regurgitation, and dissection, is the main cause of morbidity and mortality in the 
Marfan syndrome [19]. 

4.3.2 Vascular Ehlers-Danlos Syndrome (Type IV) 

Vascular type Ehlers-Danlos (type IV) syndrome is characterized by a defect in 
type III collagen synthesis. Thoracic aortic aneurysms and dissections are less 
common, but when they do occur, they pose a particularly challenging surgical 
problem because of the reduced integrity of the aortic tissue. Spontaneous arterial 
rupture, usually involving the mesenteric vessels, is the most common cause of 
death in these patients. 

4.3.3 Loeys-Dietz Syndrome 

Loeys-Dietz syndrome is a condition that is distinguished by the triad of arterial 
tortuosity and aneurysms, hypertelorism (widely spaced eyes), and bifid uvula or 
cleft palate. It is caused by mutations in the genes encoding TGF-/?/! receptors, 
rather than fibrilfin 1 [20, 21]. 

4.3.4 Familial Aortic Aneurysms 

About 20% of patients with thoracic aortic aneurysms and dissections have a genetic 
predisposition (a first degree relative with aortic aneurysms or dissections) without 
having any of the aforementioned connective tissue disorders. Thus far, mutations 
involving the genes for TGF-/?/J receptor 2 (TGF/?R2), jS-myosin heavy chain 
(MYHl 1), and a-smooth muscle cell actin (ACTA2) have been identified and other 
genes responsible for such pathology are under investigation. 



4.4 Congenital Bicuspid Aortic Valve 

Congenital Bicuspid Aortic Valve is the most common congenital malformation of 
the heart or great vessels [22]. Patients with such a pathology have an increased 
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incidence of ascending aortic aneurysm formation and usually a more rapid rate of 
aortic enlargement [23]. Fifty percent to seventy percent of adults with bicuspid 
aortic valve, but without significant valve dysfunction, have echocardiographically 
detectable aortic dilatation [24, 25]. This dilatation usually is limited to the 
ascending aorta and root [26]. 

Recent findings suggest that aneurysms associated with bicuspid aortic valves 
have a fundamentally different pathobiologic cause than aneurysms that occur in 
patients with trileaflet valves [27]. The exact mechanism responsible for aneurysm 
formation in patients with bicuspid aortic valves remains controversial. The two 
most popular theories posit that the dilatation is caused by (a) a congenital defect 
involving the aortic wall matrix that results in progressive degeneration, or (b) 
ongoing hemodynamic stress caused by turbulent flow through the diseased valve. 
However, the second theory is not well- supported [24, 28]. 



4.5 Infection 

Bacterial invasion of the aortic wall may result from bacterial endocarditis or 
extension from an infected laminar clot within a pre-existing aneurysm. The 
most common causative organisms are Staphylococcus aureus. Staphylococcus 
epidermidis, Salmonella, and Streptococcus [29, 30]. Infection often produces 
saccular aneurysms located in areas of aortic tissue destroyed by the infectious 
process. Syphilitic aortitis used to be a common cause of ascending thoracic 
aneurysms which is rarely seen these days because of effective antibiotic 
regimens. 



4.6 Aortitis 

Aortic Takayasu's arteritis and Giant Cell Arteritis are a few that have been 
reported to be associated with thoracic aneurysms. Thoracic aneurysm formation is 
a particular problem in patients with giant cell arteritis that occurs in as many as 
11% of patients and may be associated with aortic dissection [31]. 



5 Clinical Presentation 

In many patients with thoracic aortic aneurysms, the aneurysm is discovered 
incidentally when imaging studies are performed for unrelated reasons and patients 
often are asymptomatic [6]. However, thoracic aortic aneurysms that initially go 
undetected eventually create symptoms and signs that correspond with the segment 
of aorta that is involved and have a wide variety of manifestations. 
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5.1 Local Compression 

Aneurysms of the ascending aorta and transverse aortic arch can cause symptoms 
related to compression of the superior vena cava, the pulmonary artery, the airway, 
or the sternum. Rarely, these aneurysms erode into the superior vena cava or right 
atrium, causing acute high-output failure. Expansion of the distal aortic arch can 
stretch the recurrent laryngeal nerve, which results in left vocal cord paralysis and 
hoarseness. 

Descending thoracic aneurysms frequently cause back pain localized between 
the scapulae. When the aneurysm is largest in the region of the aortic hiatus, it may 
cause middle back and epigastric pain. Thoracic or lumbar vertebral body erosion 
typically causes severe, chronic back pain. Mycotic aneurysms have a peculiar 
propensity to destroy vertebral bodies. Descending thoracic aortic aneurysms may 
cause varying degrees of airway obstruction, manifesting as cough, wheezing, 
stridor, or pneumonitis. Pulmonary or airway erosion presents as hemoptysis. 
Compression of the esophagus causes dysphagia. 



5.2 Aortic Valve Regurgitation and Increased Heart Strain 

Ascending aortic aneurysms can cause displacement of the aortic valve commis- 
sures and annular dilatation. The resulting deformation of the aortic valve leads to 
progressively worsening aortic valve regurgitation. In response to the volume 
overload, the heart remodels and becomes increasingly dilated. Patients with this 
condition may present with progressive heart failure. 



5.3 Thromboembolic Phenomenon 

Aneurysmal compression of branch vessels or the occurrence of embolism to 
various peripheral arteries due to thrombus within the aneurysm can cause cere- 
bral, renal, mesenteric, lower extremity and spinal cord ischemia, with the patient 
presentation varying according to the vascular bed involved. 



5.4 Dissection or Rupture 

The most serious complications of thoracic aortic aneurysm are dissection [31] 
or rupture, which can cause pain, or extravasation of blood into the left 
intrapleural space or intrapericardial space. Patients with ruptured thoracic 
aortic aneurysms often experience sudden, severe pain in the anterior chest 
(ascending aorta) and upper back or left chest (descending thoracic aorta). 
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A descending thoracic aortic aneurysm can rupture into the adjacent esophagus, 
producing an aortoesophageal fistula and presenting with hematemesis. Rupture 
is often catastrophic, being associated with severe pain and hypotension or 
shock. 



6 Diagnosis 

Although certain constellations of symptoms and signs are highly suggestive of 
thoracic aortic aneurysm, diagnosing and characterizing these aneurysms requires 
imaging studies. In addition to establishing the diagnosis, imaging studies provide 
critical information that guides the selection of treatment options. 



6.1 Plain Radiography 

A Chest x-ray is neither sensitive nor specific for diagnosing aneurysmal disease as 
many aneurysms are not apparent on the chest x-ray, with radiographic abnor- 
malities being detectable in about 61% of patients [32]. The aneurysm may pro- 
duce a widening of the mediastinal silhouette, enlargement of the aortic knob, or 
displacement of the trachea from midline. Other reported features include dis- 
placed calcification, aortic kinking, and opacification of the aorticopulmonary 
window [32]. 



6.2 Echocardiography 

According to the 2003 ACC/AHA practice guidelines for echocardiography, 
echocardiography has been recommended for the diagnosis of aortic aneurysm [33]. 
Transthoracic echocardiography (TTE) is the preferred procedure, with trans- 
esophageal echocardiography (TEE) being performed, especially for examination 
of the entire aorta, as in emergency situations; and for imaging when coexistent 
dissection is suspected. 



6.3 Computed Tomographic (CT) Scan 

CT is the most common and the most useful imaging modality for evaluating 
thoracic aortic aneurysms [34]. The major disadvantage of contrast-enhanced CT 
scanning is the possibility of contrast-induced acute renal failure in patients who 
are at risk (e.g., patients with pre-existing renal disease or diabetes) [35]. 
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Interventional technologies have blossomed over the past two decades. How- 
ever, advances would not have been possible without similar improvements in 
noninvasive imaging techniques [36, 37]. The development of multidetector CT 
systems that allow the acquisition of spiral data, digital storage mediums, and the 
application of novel reconstruction algorithms in conjunction with user-friendly 
workstations has revolutionized preoperative patient evaluation and allows inter- 
ventionalists to properly match patient anatomic factors with device features. 



6.3.1 Prophylactic Surveillance 

Based on natural history studies and clinical evidence, until the operative inter- 
vention threshold is reached (discussed with treatment indications), aneurysms of 
the thoracic aorta are usually monitored every 6 months and features such as 
maximum diameter, morphology and rate of increase in aneurysm size are 
assessed. 



6.3.2 Diagnosis and Assessment for Endovascular Suitability 

Semi-automated algorithms are commonly used to calculate an aortic center line of 
flow (CLF). The aortic anatomy can then be visualized in a curved planar 
reconstruction format or "straightened" to provide a more precise assessment of 
the extent of aneurysmal disease in addition to the involvement of aortic branches. 
It also gives us information about the aorta adjacent to the aneurysm, a segment 
that is critical for open surgical or endovascular reconstructions by defining 
proximal and distal "landing zones" (Fig. 3). 

Additional assessment of the iliac vasculature (such as severity of calcification 
and diameter) will help to determine the ability to introduce devices using a trans- 
femoral approach. CT is particularly accurate for the determination vessel diam- 
eters. Contrast-enhanced CT provides information about the aortic lumen and can 
detect mural thrombus, aortic dissection, inflammatory periaortic fibrosis, and 
mediastinal or retroperitoneal hematoma due to contained aortic rupture. A CT 
scan can also reveal detailed information about aortic calcification. 

The essential role of CT scan for post-operative evaluation of endovascular 
repair is discussed in the section detailing endovascular management of thoracic 
aneurysms. 



6.4 Magnetic Resonance Angiography 

Magnetic resonance angiography (MRA) produces aortic images comparable 
to those produced by contrast-enhanced CT but does not necessitate 
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Fig. 3 An analysis of a proximal descending thoracic aneurysm based on the centerline of flow 
(CLF) analysis. The three supra-aortic vessels are also seen 

exposure to ionizing radiation. In addition, MRA offers excellent visuali- 
zation of branch vessel details, and it is useful in detecting branch vessel 
stenosis [38]. 

Current limitations of MRA include high expense, a susceptibility to artifacts 
created by ferromagnetic materials, gadolinium-linked nephrogenic systemic 
fibrosis and acute renal failure in patients with advanced renal insufficiency [39]. 
MRA also fails to depict vessel wall calcification, which has implications for 
vascular access. 



6.5 Aortography and Cardiac Catheterization 



In selected cases, aortography is used to gain important information when other 
types of studies are contraindicated or have not provided satisfactory results. For 
example, information about obstructive lesions of the brachiocephalic, visceral. 
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renal, or iliac arteries is useful when surgical treatment is being planned; if other 
imaging studies have not provided adequate detail, aortograms can be obtained in 
patients with suspected branch vessel occlusive disease. 

Unlike standard aortography, cardiac catheterization continues to play a major 
role in diagnosis and preoperative planning, especially in patients with ascending 
aortic involvement. Proximal aortography can reveal not only the status of the 
coronary arteries and left ventricular function but also the degree of aortic valve 
regurgitation, the extent of aortic root involvement, coronary ostial displacement 
and the relationship of the aneurysm to the arch vessels. 

A key limitation of aortography is that it images only the lumen and may 
therefore underestimate the size of large aneurysms that contain laminated 
thrombus. Manipulation of intraluminal catheters can result in embolization of 
laminated thrombus or atheromatous debris with proximal aortography carrying a 
0.6-1.2% risk of stroke. Other risks include allergic reaction to contrast agent, 
iatrogenic aortic dissection and bleeding at the arterial access site. 



7 Basics of Treatment 

7.1 Determination of the Extent and Severity of Disease 

Patients with thoracic aortic aneurysms will frequently have concomitant remote 
aneurysms [3]. In such cases, the more threatening lesion usually is addressed first. 
In many patients, staged operative procedures are necessary for complete repair of 
extensive aneurysms involving the ascending aorta, transverse arch, and 
descending thoracic or thoracoabdominal aorta [40]. 

7.2 Continued Surveillance Versus Intervention 

Once a thoracic aortic aneurysm is detected, in the absence of symptoms, man- 
agement begins with patient education. Medical treatment involves blood pressure 
control, heart rate control and anti-impulse therapy most commonly with beta- 
blocking agents. The effect of this is to attempt to reduce the force of cardiac 
contraction against the weakened aortic wall. Additionally, many clinicians restrict 
patient activities, advising patients to avoid straining, or any exercise that results in 
isometric muscle contraction. Cessation of cigarette smoking is also critical, as 
persistent smokers have been shown to have considerably higher rates of rupture 
and aortic growth. Patients being followed with ascending or descending aortic 
aneurysms should receive repeat imaging for signs of interval growth prompting 
surgical intervention. The timing of such studies is somewhat controversial, with 
larger aneurysms typically imaged at 6 month intervals, and smaller aneurysms 
yearly. 
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Patients with genetic diseases are best managed by dedicated aortic clinics as 
criteria for intervention differ when contrasted with older patients believed to have 
non-specific aneurysms. 



73 Indications for Intervention 

Surgical or Endovascular therapy is often recommended prophylactically to pre- 
vent the morbidity and mortality associated with aneurysm rupture. However, the 
optimal timing of surgery for a thoracic aortic aneurysm is uncertain since the 
natural history is variable, particularly for aneurysms less than 50 mm in size [11], 
and the majority of patients have concomitant cardiovascular disease that increases 
the risks associated with surgery. Thus, many patients die of other cardiovascular 
causes before the aneurysm ruptures. 



7.3.1 Open Surgery 

On the basis of the natural history studies discussed earlier, elective operation is 
recommended when the diameter of an ascending aortic aneurysm is >5.5 cm, 
when the diameter of a descending thoracic aortic aneurysm is >6.5 cm, or when 
the rate of dilatation is >1 cm/y [7, 41]. In patients with connective tissue dis- 
orders, such as Marfan and Loeys-Dietz syndromes, the threshold for operation is 
lower with regard to both absolute size (5 cm for the ascending aorta and 6 cm for 
the descending thoracic aorta) and rate of growth. Smaller ascending aortic 
aneurysms (4-5.5 cm) also are considered for repair when they are associated with 
significant aortic valve regurgitation, bicuspid valves or other connective tissue 
disorders. 

Most patients are asymptomatic at the time of presentation, so there is time for 
thorough preoperative evaluation and improvement of their current health status. 
In contrast, patients who present with symptoms often require urgent operation 
since they are at an increased risk of rupture and warrant expeditious evaluation. 
The onset of new pain in patients with known aneurysms is especially concerning, 
because it may herald significant expansion, leakage, or impending rupture. 
Because emergent interventions produce worse outcomes than elective procedures 
do, emergent intervention is reserved for patients who present with rupture or 
superimposed acute dissection [42]. 



7.3.2 Endovascular Surgery 

The indications for Thoracic Endovascular Aneurysm Repair (TEVAR) of 
descending aortic aneurysms are similar to those for surgical repair regarding 
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size parameters. A diagnosis of aortic rupture or dissection, leading to 
malperfusion or rupture, is also indicative of an endovascular rescue. Attempts 
have been made to extend the use of endovascular therapy to aortic arch and 
proximal aortic aneurysms and devices are undergoing clinical trials presently. 



8 Preoperative Assessment and Preparation 
8.1 Assessment of Physiologic Reserve 

Given the impact of comorbid conditions on perioperative complications, a 
careful preoperative assessment of physiologic reserve is critical in assessing 
operative risk. Therefore, most patients undergo a thorough evaluation — with 
emphasis on cardiovascular, pulmonary, and renal function — before undergoing 
elective surgery [43, 44]. 

8.1.1 Cardiovascular Evaluation 

Coronary artery disease is common in patients with thoracic aortic aneurysms and 
is responsible for a substantial proportion of early and late postoperative deaths in 
such patients. Similarly, valvular disease and myocardial dysfunction have 
important implications when one is planning anesthetic management and surgical 
approaches for aortic repair. Transthoracic echocardiography is a satisfactory 
noninvasive method for evaluating both valvular and biventricular function. 
Dipyridamole-thallium myocardial scanning identifies regions of myocardium that 
have reversible ischemia. Cardiac catheterization and coronary arteriography are 
performed in patients who have evidence of coronary disease. Patients with 
ascending aortic and particularly arch disease should undergo carotid artery duplex 
ultrasound examination. 



8.1.2 Pulmonary Evaluation 

Patients with descending thoracic aortic disease require left thoracotomy and 
should undergo pulmonary function testing if clinical symptoms of pulmonary 
disease are present. 



8.1.3 Renal Evaluation 

Renal function is assessed preoperatively by measuring serum electrolyte, blood 
urea nitrogen, and creatinine levels. Information about kidney size and perfusion 
can be obtained from the CT scan or aortogram used to evaluate the aorta. 
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8.2 Assessment for Endovascular Suitability 

In order to assess the suitability for an endovascular repair, CT Angiography 
(CTA) of the chest, abdomen and pelvis is performed preoperatively and details 
about the aneurysm and access vessels is obtained, which has been discussed 
previously. 



9 Open Repair of Thoracic Aortic Aneurysms 

9.1 Ascending Aorta and Arch 

Operations to repair proximal aortic aneurysms — which involve the ascending 
aorta, transverse aortic arch, or both — are performed through a midsternal incision 
and require cardiopulmonary bypass. 

9.1.1 Aortic Valve Disease and Root Aneurysms 

The spectrum of operations used to treat aortic valve pathologies and root aneu- 
rysms vary and are fairly broad. In summary, based on the diseased aortic portion, 
the following operations have been performed: 

• Separate aortic valve and ascending aorta replacement, in cases when the valve 
and ascending aorta are pathologic but the aortic root morphology is preserved. 

• Composite valve-graft conduit, when the aortic root is also ecstatic/aneurysmal. 

• Ross procedure, which involves auto-implantation of the pulmonary root 
homograft to the aortic root position, is seldom done to address aortic root 
pathology, largely because of its technical demands and because of concerns 
about the potential for autograft dilatation in patients with connective tissue 
disorders [45]. 

• Aortic root replacement can also be done by either sparing the aortic valve (in 
which case the aortic valve is "re-suspended") or including the aortic valve (as 
done in the Bentall technique and its other modifications). 



9.1.2 Aortic Arch Aneurysms 

Several options are also available for handling aneurysms that extend into the 
transverse aortic arch. The surgical approach depends on the extent of involvement 
and the need for cardiac and cerebral protection. Exposure of the arch is partic- 
ularly challenging, as the ascending aorta and proximal arch are best dissected via 
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an anterior approach, while the distal arch and thoracic aorta are typically treated 
using a left thoracotomy. 

• Saccular aneurysms that arise from the lesser curvature of the distal transverse 
arch and that encompass <50% of the aortic circumference may be treated by 
patch graft aortoplasty. 

• For fusiform aneurysms, when the distal portion of the arch is a reasonable size, 
a hemiarch replacement can be done through a conventional median sternotomy. 

• More extensive arch aneurysms require total arch replacement. The brachi- 
ocephalic vessels are reattached to one or more openings made in the graft, or if 
these vessels are aneurysmal, they are replaced with separate, smaller grafts. 

• In the most extreme cases, the aneurysm involves the entire arch and extends 
into the descending thoracic aorta. Such aneurysms are approached by using 
Borst's elephant trunk technique of staged total arch replacement [46]. The 
distal anastomosis is constructed so that a portion of the graft is left suspended 
within the proximal descending thoracic aorta. During a subsequent operation, 
this "trunk" is used to facilitate repair of the descending thoracic aorta through a 
thoracotomy incision. 

Vascular Control and Adjuncts used in open repair of Proximal Thoracic 
Aneurysms. One important difference between thoracic and abdominal aneur- 
ysm repair is the means for obtaining proximal vascular control during thoracic 
aneurysm repair. Thoracic aneurysm repair most commonly utilizes cardio- 
pulmonary bypass to off-load the heart when the descending thoracic aorta is 
treated, and under circulatory arrest when the arch requires replacement [47]. 

• In ascending aneurysm repair, protection against end-organ damage is accom- 
plished with cardiopulmonary bypass and antegrade aortic perfusion distal to the 
aneurysm. 

• In arch aneurysm repair, the need for open vascular access to the brachioce- 
phalic orifices mandates interruption of cerebral blood flow and the need for 
cerebral protection [48, 49] using circulatory arrest. 

• In descending thoracic aortic repair, the afterload on the heart induced by a 
proximal cross-clamp coupled with ischemia of end-organs distal to the aortic 
cross-clamp can be mitigated using perfusion adjuncts. 

Cerebral protection. There are three common methods of providing cerebral 
protection: 

• With selective cerebral perfusion (SCP), antegrade cerebral blood flow is 
reestablished via a graft anastomosed to the brachiocephalic vessels [50]. 
A variation of SCP with perfusion via the right axillary artery has also been 
described and may reduce embolic complications [51, 52]. 

• Deep Hypothermic circulatory arrest (DHCA) involves the use of cardiopul- 
monary bypass with the establishment of profound systemic hypothermia, fol- 
lowed by controlled exsanguination and total body circulatory standstill 
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[53, 54]. DHCA provides the best operative field visualization; however, stroke 
rates increase significantly after 45 min of arrest [55-57]. 
• Retrograde cerebral perfusion (RCP) is the one in which hypothermic circula- 
tory arrest is used in conjunction with retrograde jugular venous perfusion with 
cold oxygenated blood [58-61] with a significantly reduced risk of stroke with 
RCP compared to DHCA alone. Controversy exists over whether RCP functions 
by providing neuronal metabolic support, by preserving cerebral autoregulation, 
or by enhancing cerebral cooling and permitting retrograde evacuation of air and 
debris from the intracranial circulation [62-68]. 



9.2 Descending Thoracic Aorta 

In patients with descending thoracic or thoracoabdominal aortic aneurysms, sev- 
eral aspects of treatment — including preoperative risk assessment, anesthetic 
management, choice of incision, and use of protective adjuncts — are dictated by 
the overall extent of aortic involvement. 

Descending thoracic aortic aneurysms are repaired through a left thoracotomy. 
Use of a double-lumen endobronchial tube allows selective ventilation of the right 
lung and deflation of the left lung. During a period of aortic clamping, the diseased 
segment is replaced with a polyester tube graft. Important branch arteries — 
including intercostal arteries are reattached to openings made in the side of the graft. 

Vascular Control and Adjuncts used in open repair of Distal Thoracic Aneurysms. 
In descending aortic aneurysm repair, the utility of adjunctive end-organ protective 
measures is unclear [69]. The degree of risk for this patient was illustrated in a 
series of over 1500 patients: paraparesis or paraplegia developed in 16%, while 
acute renal failure severe enough to require dialysis occurred in 7% [70, 71]. 

Initial reports found that a quick operation without adjunctive measures was 
sufficient for thoracoabdominal aneurysm repair [71-75]. However, newer studies 
suggest that measures such as distal aortic perfusion via bypass circuitry [76]; 
selective perfusion of renal, segmental, and visceral arteries [47, 77]; cerebrospinal 
fluid drainage combined with intrathecal papaverine in high-risk patients [78]; 
intercostal reimplantation [79]; and profound hypothermia [80, 81] markedly 
decrease the likelihood of renal, mesenteric and spinal ischemia, which can result 
in paraplegia [82, 83]. As an example, one retrospective study of 132 patients 
found that reimplantation of the vessels between the eighth thoracic intercostal and 
the second lumbar arteries reduced operative mortality (4.9 vs. 13.2% for no 
reimplantation) and the incidence of postoperative paraplegia (0 vs. 8.8%) or the 
overall rate of spinal cord dysfunction (2.4 vs. 9.9%) [84]. 

Perioperative monitoring of spinal pressure and active management of spinal 
perfusion (mean arterial pressure — spinal pressure of greater than 80 mm Hg) has 
been shown to dramatically reduce and even reverse spinal cord injury in both 
open surgical as well as closed (endovascular) surgery, especially in higher risk 
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patients including those witii renal dysfunction, PAD, long segments surgery and 
prior abdominal aortic aneurysm [85]. 



10 Endovascular Repair of Thoracic Aortic Aneurysms 

10.1 Ascending Aorta and Arch 

Endovascular grafts to exclude focal ascending aneurysms have been placed as a 
part of clinical trials in selected high risk patients and patient outcomes are being 
assessed. Covering the coronary or supra-aortic vessels can prove fatal and the 
high hemodynamic pulsatile force of the heart requires a brief period of cardiac 
stand-still for accurate device deployment. Placing endografts at this location, 
therefore, requires a highly skilled and experienced physician due to the com- 
plexity of the procedure. 

For distal arch aneurysms, devices with scallops for the left common carotid or 
the brachiocephalic artery have been deployed successfully, with an extra-ana- 
tomic left carotid-subclavian or carotid-carotid bypass respectively, and are being 
used as investigational devices. 

For distal ascending aortic aneurysms involving the aortic arch, branched arch 
devices have been used in the context of clinical studies. Kawaguchi et al. [86] 
have a large experience in dealing with aortic arch aneurysms and have used about 
36 versions of home-made devices, including devices based on Z-stents and 
devices with fenestrations. Inoue et al. [87] and Chuter et al. [88] have also 
described case reports about endovascular exclusion of the aortic arch. Inoue 
described a 3 vessel branched unibody stent, whereas Chuter has described a 
technique involving a modular approach. The graft, in simple terms, is an inverted 
infrarenal device, inserted via the right common carotid or brachiocepalic artery 
after a carotid-carotid bypass. Arch exclusion is completed with a thoracic stent 
graft placed distal to the brachiocephalic take off. 



10.2 Descending Thoracic Aorta 

Stent graft repair of descending thoracic aortic aneurysms has become an accepted 
treatment option for selected patients [89]. In 1991, Parodi and associates [90] 
reported using endovascular stent grafting to repair abdominal aortic aneurysms. 
Only 3 years after this seminal report was published, Dake and colleagues [91] 
reported performing endovascular descending thoracic aortic repair with "home- 
made" stent grafts in 13 patients. Details are discussed in the next section and the 
devices used for the treatment of descending thoracic aneurysms [92] are sum- 
marized in Table 2. 
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Table! Endovascular Company Endograft 

devices for exclusion of 



descending thoracic 
aneurysms being used in the 



Cook TX2 

Gore TAG 

United States Medtronic Talent 

Medtronic Valiant 

Bolton Relay 



11 Engineering Principles and Technical Considerations 
for Endovascular Management of Thoracic Aortic 
Aneurysms 

11.1 Endograft Characteristics 

Endovascular grafts, also known as endografts, consist of components that provide 
flexibility and strength integral for device placement and longevity throughout the 
course of treatment. Such a device must be flexible enough to conform to a 
plethora of patients anatomies, be compressed to fit in a minimal diameter cath- 
eter-style delivery system, and expand upon placement to the original dimensions 
without deformation. For thoracic endovascular aneurysm repair (TEVAR), stent- 
graft devices constructed from woven polyester materials like Dacron are com- 
bined with strong, yet flexible materials like stainless steel Gianturco Z-stents [93]. 
Stents placed in gaps along the length of the graft provide rigid scaffolding for the 
graft material while maintaining flexibility essential for device loading and 
placement. The Dacron graft, similar to that used in open procedures, provides a 
conduit for blood flow through the existing vasculature while excluding aneu- 
rysmal tissue. In this manner, the pressurized aneurysm sac is cut off from the rest 
of the vasculature and corresponding sac shrinkage often occurs. Relieving the 
pressure on the diseased aortic wall mitigates the risk of aneurysm rupture which is 
the ultimate goal of any TEVAR procedure. 



11.2 Overlap Zones with Respect to the Native aorta and Among 
Modular Components 

Some overlap of the graft with native tissue (15 mm) is necessary in order to 
obtain an adequate endograft — vessel seal. Stent placement along the proximal end 
of the graft is always internal to the fabric resulting in maximized graft to vessel 
apposition. When multiple endograft components are used, overlapping of stents is 
required to assemble a continuous structure to exclude a longer length of diseased 
aorta. For these modular devices where a distal component is placed within a 



304 M. A. Qureshi et al. 

proximal component, stents are positioned along the endograft to allow for regions 
of fabric to fabric overlap for maximal seal [94] . 



11.2,1 Mechanics of Device Migration and its Prevention 

Oversizing the endograft diameter a certain extent will help maintain adequate seal 
and lower the risk of device migration (>10 mm movement of the endograft relative 
to the native aorta). However, too high an oversizing may cause the device to collapse 
or damage the accessed vessel [95]. Typically, oversizing 10-20% is called for to 
maintain adequate sealing. The radial force from the oversized stent-graft acting on 
the lumen of the arterial wall must provide enough force to hold the endograft in place 
with blood flowing along the inside of the device. Blood flow through these devices 
imparts a shear stress on the inner wall of the endograft that translates down the entire 
lumen of the device. Without proper endograft fixation along the native vessel, the 
shear stress can cause the entire device to move from its placement. Devices com- 
bating this effect often utilize an anchoring mechanism such as metal barb fixation. 



11.2.2 Mechanics of Component Separation and its Prevention 

As morphologic changes occur following aneurysm exclusion, the potential for 
component separation exists [96]. Component separation (defined as inadequate 
overlap length according to "Instructions for use", clinical symptoms related to 
movement or the need for a secondary intervention to address the issue) can result 
from inadequate stent overlap, stent fractures or deformation, aneurysm sac 
shrinkage, or any combination of these. This can lead to complications, including 
sac repressurization, which may eventually lead to rupture. Careful pre-operative 
planning is necessary to minimize this risk and a stent overlap of 3 stents has been 
recommended [97]. 



11.3 Navigating Tortuous Vessels 

Tortuous vessels may contain regions that are extremely difficult for a physician to 
feed a catheter or delivery system through and severely hinder device placement if 
not rendering it impossible. If a device could be placed in a region of high tor- 
tuosity, it may become susceptible to kinking, stent fracture, inadequate sealing, 
component separation, or any combination of these which may lead to eventual 
device failure. Additionally, vessel straightening algorithms may not accurately 
predict vessel dimensions in severely tortuous regions. This can severely impact 
pre-procedural planning and potentially exclude patients from endovascular repair. 
Innovations in the design and construction of both the introducer sheath and 
endografts have made for lower profile systems that have a higher degree of 
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Fig. 4 The braided flexor 
sheath helps to navigate 
tortuous vessels and the acute 
angulations often 
encountered in the thoracic 
aorta 




maneuverability. For example, the delivery system available for the Zenith TX2 TAA 
device consists of a Flexor braided sheath with hydrophilic coating. The braided sheath 
is designed to resist kinking in highly tortuous regions. It also allows for a greater 
torque to be placed on the sheath by the physician and for that torque to be resolved at 
the other end of the sheath. When treating vessels closer to the heart (i.e., the ascending 
aorta) a much longer sheath must be employed than for treating more distal vessels. 
Introducer sheaths that allow applied torsional forces to be fully resolved at the 
opposite end of the graft without causing plastic material deformation are essential for 
device delivery. A hydrophilic coating makes the system easier to feed through vessels 
due to interactions between the outer surface of the polymeric sheath and water in the 
blood. The coefficient of friction is lowered due to these interactions making the force 
required to slide the device over the surface of the vessel lumen minimal. This is 
especially important for device feeding through smaller diameter vessels where the 
vessel wall interacts with the introducer system. Sheath adherence to the lumen walls 
would be highly unfavorable in this situation (Fig. 4). 



11.4 Computational Analysis and its Role in Device Design 



The use of analytical models can shed light on the behavior of fluids within a 
control volume where boundary conditions can be applied and computational fluid 
dynamics (CFD) used. These techniques have already been utilized from the aortic 
arch [98, 99] to the aortic bifurcation [100] as well as for analyzing endovascular 
devices [101, 102]. Determining realistic inlet and outlet flow conditions respec- 
tive to specific aneurysm locations along with flow pulsatility has been calculated 
and confirmed experimentally [103-108]. Currently CFD can be applied for 
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simulation of blood flow in any number of patient specific geometries [109, 110]. 
Importing clinical images and applying physiological flow rates provides accurate 
boundary conditions for these simulations [109]. Wall stress, compliance, velocity 
stream lines, drag forces, and the influence of the stent-grafts Young's modulus 
have been measured for both preoperative and postoperative patients. Wall shear 
stress on the aneurysm wall have been shown to decrease by 92% after endo- 
vascular aneurysm repair, compliance at the repair region significantly decreased, 
and a potential increase in stent drag force due to aneurysmal remodeling [110]. 
The highly pressurized zone inside the aneurysm sac has also been shown to 
markedly decrease with the incorporation of stent-grafts in CFD, which is 
expected in vivo [99]. CFD has been very helpful in providing quantitative evi- 
dence for in vivo situations that may eventually help predict the outcome of a 
given treatment. 

Virtual aneurysm models for the AAA have been created using complex linear 
hexahedral elements which have been imported into finite element analysis soft- 
ware and analyzed under transient flow conditions [111]. Finite element analyses 
attempt at determining stress and strain along aneurysm models in an effort to 
predict rupture risk related to aneurysm biomechanics [112]. Limitations from 
utilizing linear elastic models for truly non-homogenous aneurysmal regions with 
variable wall thicknesses result in data that can lead to inaccurate interpretation 
[113]. This limits the utility of finite element analysis at this time, however, future 
work in this field will strive to produce accurate, reproducible results from realistic 
models employing physiological boundary conditions. 

Figueroa et al. have recently published computational evidence for the hemo- 
dynamic forces acting on endografts in both the abdominal and the thoracic aorta 
[1 14, 1 15]. Such analyses have led to dramatic breakthroughs in our understanding 
of the forces acting on endografts in vivo which may help with the development of 
endovascular devices in the future. For example, abdominal aortic devices have 
been shown to have a greater outward force imparted on them from hemodynamics 
than a caudal directed force [114]. Thoracic devices have been shown to have a 
higher cranial force acting to displace these endografts [115]. This knowledge will 
further aid engineers when designing devices to fit these locations. 



11.5 Thoracic Hemodynamic Forces and the Impact on Future 
Device Design 

Computational modeling has been used widely to predict aneurysm formation at 
the ascending aortic level including the arch [116, 117]. A steady state flow 
analysis has found that the aortic arch curvature increases the force on the 
ascending aorta by a factor over ten-fold and is the ultimate cause of vascular 
pathology at this region [117]. Another potential cause of ascending aortic 
pathology is from aortic valve asymmetry. Bicuspid aortic valve (BAV) is the 
most common form of congenital defect which results in different morphological 
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characteristics for the aortic valve. Computationally determined wall shear stress 
for models incorporating BAV show localization in the region of the mid- 
ascending aorta due to the resulting asymmetrical higher velocity profile [117]. 

The geometry of the right aortic arch has been shown through Doppler calcu- 
lations to impact the flow of the ascending aorta while not altering flow in the 
descending aorta [118]. Attempting to model fluid flow for the aortic arch has 
given different results in the form of helical fluid flow developing in both the 
ascending and descending portions [98]. While this data differs slightly, both agree 
that wall shear stress is focused at the top of the arch. Careful comparison of 
computational results with experimental evidence is required to corroborate both 
sets. Improvements for computational modeling discussed earlier may provide 
accurate and reproducible results that will become more helpful for clinicians and 
engineers alike when designing devices and administering treatment to patients 
with thoracic pathology. 



11.6 Thoracic Device Evolution 

11.6.1 Cook Zenith— TX2 

Recent advances in endograft design from procedural feedback and improved 
methods in graft manufacturing have had a great impact on these devices. For 
example, the newly available TX2 thoracic stent-graft with Proform consists of the 
same materials as the TX2 endograft but with a subtle yet very important 
improvement for device deployment [93]. Patients with a proximal landing zone 
falling in the more tortuous region of the aortic arch still have problems with 
endograft conformation to the vessel wall and poor sealing [119-122]. Inadequate 
proximal sealing of the descending device to the lesser curvature of the arch is 
common for acute aortic angles. This poor seal may lead to late complications, 
device failure, or even death [123]. To address this issue, the proform device has 
diameter reducing ties around the most proximal stent during deployment. When 
proper orientation is determined with the proximal device wall parallel to the 
aortic inner curvature, the constraining mechanism is released and the proximal 
device is deployed. Limited experience with this technology has shown to be safe 
for treating a variety of pathologies in regions of the thoracic aorta with even the 
highest degrees of aortic angulation [93] (Figs. 5 and 6). 

The newest Zenith TAA devices are called TX2-LP devices (LP: Low Profile). 
The graft material is the same Dacron used in the regular TX2 devices, but tighter 
weaving patterns have allowed for fabrication of a graft with smaller thickness and 
comparable strength. This improves device availability by making larger diameter 
grafts able to fit inside smaller delivery systems. This advance in graft construction 
has allowed physicians to treat patients with larger vessel diameters endovascu- 
larly that would have otherwise required an open procedure. Continuing advances 
in synthesizing lower profile materials that hold up to the stresses present in the 
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Fig. 5 A regular TX2 device with proximal (a) and distal (b) pieces. The distal piece has an 
uncovered distal stent with cranially-oriented barbs which act as a fixation mechanism to prevent 
migration 




Fig. 6 An illustration of the proform device which helps the graft to conform well to the lesser 
curvature of the arch, a Luminal view b side view 



body will continue in the future allowing for improvements in device availability 
for patients with abnormal anatomy (Fig. 7). 

The TX2-LP not only has a thinner fabric but also contains nitinol stents in 
place of the stainless steel stents in the TX2. Nitinol stents make the device easier 
to pack into a smaller system and able to deploy without deformation. Stainless 
steel has the potential to deform when placed under the stress used to pack nitinol 
stents into the smaller delivery systems. This improved packing ability does not 
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Fig. 7 The TX2 low-profile 
device with nitinol stents. 
Proximal (a) and distal 
(b) pieces 
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come without a consequence. While stainless steel stents may deform under 
considerable stress, their ability to withstand cyclic loading, which is present in the 
body throughout the cardiac cycle, is significantly better then nitinol. The amount 
of force that nitinol can withstand before fracture is not well understood for cyclic 
loading at this point. Continued observation of outcomes will be necessary to 
determine the safety and efficacy of the nitinol stents. 



11.6.2 Gore— TAG 

In 1998, the Gore Excluder TAG thoracic endovascular device (W.L. Gore and 
associates, Flagstaff, AZ) was the first endovascular graft to undergo United States 
feasibility trials with pivotal trials following in 1999 [124]. Upon completion of 
study enrollment, the device was voluntarily withdrawn from distribution in May 
2001 due to longitudinal stent fractures [124]. After structural modification, the 
redesigned TAG endovascular device was enrolled in a confirmatory trial at the 
end of 2003 and gained United States Food and Drug Administration (FDA) 
approval in March 2005 [95, 124]. FDA approval was only defined for treatment of 
aneurysms of the descending thoracic aorta which remains as the only on-label 
indication [125]. 

The TAG endograft is a tube of expanded polytetrafluoroethylene (ePTFE) 
reinforced with external nitinol self self-expanding stents and a film of ePTFE and 
fluorinated ethylene propylene (FEP). The nitinol stents are attached to the graft 
surface with ePTFE/FEP bonding tape. To enhance device conformation to tor- 
tuous anatomy, scalloped flares were incorporated at each end with a PTFE cuff 
covering the base of the flares. The original TAG device was constructed using 
two ePTFE layers with two longitudinally placed wires providing columnar sup- 
port. Fractures in these wires led to the previously mentioned device modification. 
The current TAG endoprosthesis consists of three ePTFE layers with the third 
layer sandwiched between the other two replacing the longitudinal wires. This 
third ePTFE layer provides the longitudinal stiffness previously maintained by the 
longitudinal wires. 

The unique deployment mechanism of the TAG endoprosthesis begins with the 
ePTFE/FEP constraining sleeve. Turning and pulling a deployment knob detaches 
a deployment line connected to the sleeve. The device then begins rapid expansion 
from the center along the length of the device in a bidirectional progression. 
However, this rapid deployment significantly limits de novo adjustment. A trilobed 
balloon designed to allow for continuous blood flow upon inflation is used to assist 
with device fixation. 



11.6.3 Medtronic — Valiant 

The Valiant endoprosthesis (Medtronic, Inc, Santa Rosa, CA) was introduced into 
clinical practice in 2005 as an evolution of the Talent thoracic endograft 
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(Medtronic, Inc, Santa Rosa, CA). Improved design features including modifica- 
tions to the design of stents, endograft configuration, delivery sheath, deployment 
method and markers incorporated into the Valiant device. The most significant 
improvements between the two endoprostheses were in the removal of the spring 
connecting bar, increased choice in device lengths, a redesign of the proximal and 
supporting stent configuration, and redesign of the delivery system [126]. 

The Valiant device is constructed from woven, mono-filament polyester graft 
with a self-expanding nitinol stent sewn onto the outside of the graft. This nitinol 
support system comprises of 5 peaked "springs" arranged longitudinally along the 
body of the graft. The proximal and distal stents are unique from the rest of the 
assembly due to their 8-peak configuration which may be 15 or 17 mm in height 
[126]. The spacing of the springs allows for contact between adjacent spring peaks 
when loaded into the Delivery System. Spring arrangement also provides the nec- 
essary columnar strength for delivery. Removal of the longitudinal connecting bar 
present on the Talent endograft provides increased flexibility during tracking and 
device conformability to the aortic wall [ 1 27] . Platinum-iridium radiopaque markers 
are sewn to the proximal and distal ends as well as the midpoint of the device for 
surveillance. Currently, the Valiant endoprosthesis is available in diameters ranging 
from 24 to 46 mm with a maximum length of 227 mm [126, 128]. 

The delivery system utilized for deployment is called the xcelerant delivery 
system. This consists of a single use catheter with an integrated handle intended to 
provide a mechanical advantage while lowering user deployment force [127]. The 
system ranges in outer diameter from 22 to 25 Fr and tracks over a 0.035 inch glide 
wire [126]. For delivery, there is an inner membrane with a tapered tip, a middle 
membrane with a stent-stop, and an outer cover. The middle membrane is flexible 
while allowing tracking thorough tortuous anatomy. The outer cover is strength- 
ened with a stainless steel braid. The cover restrains the device during tracking and 
releases the endograft upon retraction. Rotation of the delivery handle allows for 
slow deployment useful for confirming the proximal position. Once correctly 
positioned, a ratchet mechanism rapidly releases the endograft via a trigger and 
slider assembly on the delivery catheter. 



11.6.4 Bolton Medical— Relay 

The Relay and Relay NBS (Non Bare Stent) Thoracic Stent Graft with the Plus 
Delivery System (Bolton Medical, Sunrise, FL) were designed for deployment in 
the thoracic aorta near the arch [129]. The bare stent graft was released in 2005 
while the Relay NBS was released later in March 2008. The straight stent grafts 
are available in diameters ranging from 26 to 46 mm and lengths in 50 mm 
increments from 100 to 250 mm. The tapered endoprosthesis currently ranges in 
diameter from 34 to 46 mm with the same lengths. 

The Relay NBS Thoracic Stent Graft is composed of a polyester vascular graft 
fabric with Duralloy self expanding nitinol stents sutured along the length of the 
device. Longitudinal support and aorta conformability is ensured with a curved 
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Table 3 Endoleak types and descriptions 
Endoleak Description 

Type I Aneurysm sac repressurization due to inadequate sealing at the proximal or distal zone 

resulting in inflow around the endograft 
Type II Aneurysm sac repressurization due to inflow from collateral vessels 
Type 111 Aneurysm sac repressurization due to graft material failure or inadequate seal of 

overlapping endograft segments 
Type IV Aneurysm sac repressurization due to blood passing through graft pores 



nitinol Spiral Support Strut. Placement and surveillance of the graft is ensured 
through radiopaque platinum/iridium markers sutured onto the stent graft. All 
materials used in device construction allow the Relay NBS Thoracic stent graft to 
be MRI compatible (at 3 Tesla or below). 

The Relay Plus System employs a delivery system designed for easy 
advancement and accurate device deployment. A series of sheaths and catheters 
arranged in a coaxial fashion compose the introducer system. The braided outer 
sheath and tip are coated with a hydrophilic material which provides easier 
advancement and enhanced radiopacity to facilitate visibility in highly tortuous 
anatomical regions. A nitinol inner catheter has been recently introduced to the 
system to aid in aligning the system. 

Recent modifications present in the new NBS were made primarily to facilitate 
deployment around a smaller radius of curvature. During deployment, the previous 
system clasped the entire proximal end until the entire device was released. The 
new system leaves the two apices on the inferior side of the graft unclasped to 
allow this section to expand at the beginning of deployment and proved greater 
control of the segment facing the inner curvature of the arch [129]. Two nitinol 
wires were added to the delivery system to control expansion of the inferior 
portion of the device for proper apposition to the anatomic inner curvature. The 
inferior proximal portion of the stent graft contains suture loops tethered to the 
distal ends of the support wires. The distal end of the constraining sleeve present in 
the introducer system was increased to allow the proximal end of the device to 
expand within the sleeve while permitting longitudinal adjustment of the device in 
its partially deployed state [130]. 



11.7 Concluding Steps of Endovascular Repair 

In the end, after device deployment, a final angiogram is done to assess for proper 
aneurysm exclusion and absence of endoleaks (leakage of blood into the sac after 
endovascular exclusion). There are four distinct types of endoleak that may occur 
and are summarized in Table 3 [96, 131-133]. Type I endoleak is the most 
common endoleak for thoracic endovascular procedures requiring re-intervention 
[134]. 
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12 Central Role of Computed Tomography in Post-Operative 
Assessment of Endovascular Thoracic Aortic Aneurysm 
Repair and Evaluation of Device Integrity 

12.1 Assessment of Aneurysm Sac and Endoleaks 

The prevention of wall tension following endovascular repair is incumbent upon the 
depressurization of the aneurysm. This, in turn, is accomplished by complete 
exclusion of the aneurysm sac by the endovascular device. The failure to accomplish 
this may be associated with a continued risk of rupture. The presence of continued 
blood flow into the aneurysm sac following an endovascular repair is termed an 
endoleak. This is assessed by evaluating the arterial and delayed phase studies from a 
CT scan. These are reconstructed with smoothing algorithms, providing information 
regarding the arterial wall, stentgraft-arterial wall apposition, and opacification of 
the aneurysm sac with contrast in either the arterial or delayed phase of the study. 
When the endoleak is in continuity with the proximal or distal sealing zone of the 
endovascular device, it is termed a type I endoleak (type la for the proximal portion, 
or type lb for the distal portion). If the contrast in the aneurysm sac arises from a 
collateral vessel remote from the stentgraft it is termed a type II endoleak. When 
contrast in the sac results from poor apposition of modular components or defects in 
the fabric, the leak is termed a type III endoleak. One must remember that endoleaks 
do not imply rupture, as the contrast remains in the aneurysm sac, however, the risk 
for rupture is likely increased when an endoleak is noted (particularly if the endoleak 
is type I or III in nature) (Figs. 8 and 9). 



Fig. 8 Axial view a type I 
endoleak seen on a CT scan 
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Fig. 9 Axial view a Type II 
Endoleak seen on a CT Scan 
resulting from retrograde 
flow from an intercostal 
vessel 



Fig. 10 Three dimensional 
demonstration of a fractured 
stainless steel Z-stent 




12.2 Device Integrity 



After image acquisition, the reconstruction of the native (precontrast) study can 
be performed using a high-resolution edge-detection algorithm [135]. This pro- 
vides a means to assess for stent fracture and intercomponent relationships 
(Figs. 10 and 11). 
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Fig. 11 a 3 stent overlap between the 1st and 2nd components of thoracic endografts. b Aortic 
remodeling overtime leads to movement of the distal component leading to component 
separation 



12.3 Assessment of Device Migration 



Movement of a device relatively to the arterial system at a fixation site represents 
device migration. Thin-slice axial computed tomography (CT) and plain abdom- 
inal radiography may be a reasonable method of analyzing migration in a non- 
tortuous abdominal aorta given that the abdominal aorta is a relatively uniplanar 
structure with a favorable orientation perpendicular to the axis of the CT 
[136, 137]. However, the inherent tortuosity of the thoracic aorta causes most 
image analysis without the use of three dimensional technology, including cen- 
terline of flow (CLF) analyses, multiplanar reconstructions, and other tools to be 
inaccurate. Thus, false assurances may be obtained with respect to device stability, 
aneurysm size, or the relational positions of components when axial images are 
used in isolation. 

The use of CLF algorithms provides a reproducible means of determining 
distance within tortuous aortic segments. However, it is apparent that the aortic 
length between fixed landmarks is not always static. It is for this reason that pure 
CLF analysis cannot be used in isolation to determine device migration. The most 
obvious examples of this come from our experiences with elephant trunk grafts 
[138]. The stretching of the graft proximal to the endovascular device results in 
tortuosity distally, that was not present when the device was placed. This is an 
exaggeration of what happens with the native vasculature, as diseased arteries 
grow in length and diameter. Therefore, if the aorta is lengthening on either side of 
an implant, the measurement of a CLF length from vessel to another will not be 
static (left common carotid to celiac artery length). In such cases, one must 
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observe surface landmarks neighboring the repair to differentiate device motion 
with respect to the implanted vasculature from lengthening of the entire aortic 
segment housing the device. However, this is a labor intensive process, thus 
patients are rapidly screened to assess for aortic length consistencies between 
measurements. In the absence of a lengthening aorta, the CLF distances are used to 
calculate migration. When the length measurements are inconsistent from scan to 
scan, the surface landmarks are used instead. 



13 Hybrid Repair of Thoracic Aortic Aneurysms 

Hybrid arch repairs involve some form of "debranching" of the brachiocephalic 
vessels, followed by endovascular exclusion of some or all of the aortic arch. 
Although this technique has many variants, they often involve sewing a 
branched graft to the proximal ascending aorta with the use of a partial aortic 
clamp. The branches of the graft are then sewn to the arch vessels. Once the 
arch is "debranched", the arch aneurysm can be excluded with endografts. The 
arguments for using a hybrid approach to treat aortic arch aneurysms include 
the elimination of cardiopulmonary bypass, circulatory arrest, and cardiac 
ischemia. In another technique, the arch can be replaced by using the open 
elephant trunk technique, after which the descending thoracic aorta can be 
excluded endovascularly by using the elephant trunk as the proximal landing 
zone (Fig. 12). 



14 Outcomes 
14.1 Open Repair 

14.1.1 Proximal Aortic Aneurysms 

All varieties of aortic root replacement have shown acceptable early mortality 
rates and few complications. Two groups with 20 and 27 years experience with 
composite valve graft replacement reported early mortality rates of 5.6 and 1.9%, 
respectively, with the more recent repairs having better outcomes [139, 140]. 
Repairs incorporating the ascending aorta and aortic arch have acceptable out- 
comes, with risk increasing as larger sections of the aortic arch are incorporated 
into the repair [141, 142]. Reported early mortality rates after stage 1 elephant 
trunk repairs range from 2.3 to 13.9% [143-147]. 

The risk of operative death and stroke in these repairs is additionally increased 
by severe atherosclerosis of the ascending aorta, and a revised surgical strategy is 
often needed to avoid clamping this section of the aorta. In a review of literature 
accompanying Zingone and colleagues for 36 such patients, pooled early death 



Thoracic Aortic Aneurysms — Clinical Assessment and Treatment 



317 




Fig. 12 Elephant trunk procedure — hybrid approach, the arch is replaced during open surgery 
(a, b) and the "trunk" is accessed endovascularly to complete the repair (c, d) 



rates averaged 9% (ranged from 3.7 to 25%) and pooled stroke rates averaged 
5.3% (ranged from to 17.6%) [148]. 

In a report by Kazui and Bashar [149] covering 20 years of experience and 472 
consecutive patients who underwent aortic arch repair with selective antegrade 
cerebral perfusion, early mortality was 9.3% for all repairs and 4.1% for more 
recent repairs. The stroke rate was 3.2% for permanent deficits and 4.7% for 
temporary deficits. Recent innovations in aortic arch replacement, such as the use 
of extra- anatomic grafts and moderate hypothermia, have also produced good 
results, including early mortality rates ranging from to 4.7%, permanent stroke 
rates ranging from to 4%, and rates of transient neurologic dysfunction ranging 
from to 4.9% [150-152]. 
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14.1.2 Distal Aortic Aneurysms 

Contemporary results of open repairs of descending thoracic aortic aneurysms 
indicate that early mortality rates range from 4.4 to 8% and paraplegia rates 
range from 2.3 to 5.7%; stroke rates are generally lower, ranging from 1.8 to 
2.1% [153-155]. The risk of mortality is increased for those undergoing repair of 
the proximal two-thirds of the descending aorta [153]. As expected, stroke rates 
after distal aortic repairs were highest when the clamp site was near the left 
subclavian artery. 

Several studies have compared endovascular and surgical approaches to 
descending thoracic aortic repair. Some studies found no significant differences in 
rates of early death, stroke, and paraplegia [156-158] whereas others found that 
surgical patients had higher rates of early mortality (27%) [159] and paraplegia 
(14%) [160]. 



14.2 Endovascular Repair 

14.2.1 Proximal Aortic Aneurysms — Ascending Aorta and Arch 

Endovascular exclusion of isolated ascending aneurysms is being done as part of 
investigational trials and no reports have been published yet. 

Case reports about successful exclusion of arch aneurysms by Chuter [88] and 
Inoue [87], using modular and unibody configurations respectively, have been 
published. Kawaguchi et al. [86] has reported a 92.5% success rate, with a 3.8% 
stroke and 2.6% SCI incidence reported over 60 months, in excluding arch 
aneurysms. 

14.2.2 Distal Aortic Aneurysms — Descending Thoracic Aneurysms 

While little comparative data exists between TEVAR and medical management, it 
is reasonable to assume that outcomes will also be better with TEVAR in those 
patients with indications for OS, since TEVAR compares favorably with OS. The 
outcomes presented below suggest that TEVAR is a promising alternative to open 
surgical (OS) repair [156, 157, 161]. 

Stroke. Because the proximal seal zone is in proximity to the carotid 
arteries, embolic strokes can occur following TEVAR. Risk factors for embolic 
stroke include the need for proximal deployment of the graft, presence of 
mobile atheromata in the arch, and prior stroke [162]. The vertebral arteries 
arising from the subclavian may be the source for posterior circulation strokes 
[163]. Perioperative stroke has ranged from 4 to 8% [164-166], comparable to 
OS [89]. 
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Spinal cord ischemia. Extensive coverage of the thoracic aorta as well as prior 
history of AAA repair places the patient at increased risk for spinal cord ischemia 
(SCI) with the potential for paraplegia [167-169]. The risk of spinal cord ischemia 
has been reported to be between 3 and 11% [157, 160, 166, 170, 171], comparable 
to the rate of OS [89]. 

Some studies have demonstrated a lower rate of SCI with TEVAR than with 
OS. In a well-performed, retrospective review of 724 patients at a single institution 
who were treated with either TEVAR (n — 352) or OS (n — 372) for thoracic or 
thoracoabdominal aneurysms, no statistically significant difference in the rate of 
SCI was found between the two approaches (4.3 vs. 7.5% respectively) [170]. The 
extent of aortic disease was the strongest predictor of SCI. 

Access complications. Because of the obligatory large sheath size for delivery 
of the device, passage of the sheath through a small diameter, tortuous, or 
excessively calcified external iliac artery can lead to iliac artery disruption. 
Anticipation of the need for adjunctive access measures is thus important and is 
required in a significant percentage of patients, ranging from 9.4 to 23.8% in 
published reports [156, 157]. A pseudoaneurysm or hematoma may also form. 

Survival Analysis. The largest of the early series, for which there is now 
medium-term follow up, was a prospective, uncontrolled study of a first-genera- 
tion, custom-fabricated self-expanding stent graft, including 103 patients with 
descending thoracic aortic aneurysms, 60% of whom were not candidates for 
conventional surgery [166]. After a 1.8 year follow up, late stent graft compli- 
cations occurred in 38% of patients and included stent graft misdeployment or 
removal, endoleak, aortic dissection, distal embolization, gut ischemia, and 
infection. Fatal complications occurred in 4%, including rupture of the treated 
aneurysm, stent graft erosion into the esophagus (aortoesophageal fistula), arterial 
injury, and excessive bleeding. 

In a subsequent report at 4.5 years of follow-up, actuarial survival at one, five 
and eight years were 82, 49, and 27%, respectively [164]. Patients who had been 
identified as suitable surgical candidates at the time of stent graft placement had 
significantly better survival at one year (93 vs. 74%) and five years (78 vs. 31%). 

In a series of 100 patients (81 aneurysms) by Greenberg et al. [172], with a mean 
follow up duration of 14 months, the overall mortality was 17%, and aneurysm- 
related mortality was 14% at 1 year. Sac regression (>5 mm maximum diameter 
decrease) was observed in 52 and 56% of patients at 12 and 24 months, respectively. 

Device migration and endoleak. Migration of the graft (>10 mm) caudally 
can occur, with a published incidence of 1-2.8% over a 6-12 month period 
[157, 161]. Factors predisposing to migration include excessive oversizing and 
tortuous seal zone anatomy. The incidence of endoleak following thoracic aortic 
stent placement is less common than that for endovascular repair of the 
abdominal aorta and is estimated at 3.9-15.3% [157, 161, 173]. The incidence of 
endoleak at five-year follow up with the Gore TAG device was 4.3% with Type I 
attachment site leaks being the most common type. The rate of secondary 
intervention required following stent grafting due to either endoleak or device 
migration is 3.6-4.4% [157]. 
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15 Open Repair Versus Endovascular Repair 

Endovascular repair of thoracic aortic aneurysms has become an accepted treat- 
ment option in selected patients, particularly patients with isolated degenerative 
descending thoracic aortic aneurysms [157, 172, 174]. According to the Gore TAG 
5 year results [174], comparing endovascular to open repair, even though the all- 
cause mortality was same but aneurysm-related mortality, major adverse events 
and secondary procedures not directly related to aneurysm repair, were all low in 
TAG vs the open repair group at 5 years. This demonstrated the superiority 
of endovascular vs open repair for descending thoracic aneurysmal disease. Some 
of these recommendations may differ from published guidelines regarding the 
use of thoracic endografts for aneurysmal disease [175], however, the prospective 
studies leave little question that the morbidity and aneurysm related mortality for 
properly selected patients treated with TEVAR are superior to open surgical 
approaches. One must recognize that study limitations do exist, and the absence of 
a randomized trail precludes definitive conclusions. 

According to a meta-analysis of 17 observational studies (1,109 patients) which 
compared TEVAR to OS [176], there was a significant reduction in perioperative 
mortality (OR 0.36; 95% CI 0.23-0.58) and in major neurological injury (OR 0.39; 
95% CI 0.25-0.62). There was no difference in major reintervention rates, but a 
significant reduction in hospital and critical care stay. These benefits were seen 
predominantly in stable patients. Non-randomized comparisons published after the 
meta-analysis has suggested equivalent or better outcomes with the TEVAR. In a 
single center, retrospective study of over 700 patients who received either TEVAR 
or OS, mortality was not significantly different at 30 days (5.7 vs. 8.3% respec- 
tively) and 12 months (15.6 vs. 15.9% respectively) [170]. 

The evidence cited above argues for the use of TEVAR as opposed to OS in 
those patients who are candidates for both approaches. Even if patients' important 
outcomes such as mortality, and the risks of stroke and paraplegia are equivalent, 
patients undergoing TEVAR have a shorter length of hospital stay, quicker 
rehabilitation, lower aneurysm-related mortality and a longer average number of 
months lived (due to a reduction in perioperative mortality). 



16 Conclusion 

Both TEVAR and OS are extremely challenging procedures and patients under- 
going either procedure should be referred only to health care teams that are both 
experienced in the preoperative and intraoperative management of these patients. 
In the years to come, these endografts will certainly be explored in great depth. 
The opportunity to one day be able to treat aneurismal disease from the ascending 
aorta to the iliac arteries using a fully endovascular approach is near. Advances in 
imaging, device construction, and improved materials will play a major role in 
designing the next endovascular grafts to achieve this goal. 
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Abstract Intracranial aneurysms (lA) represent a challenging pathological entity 
ubiquitous in 2-6% percent of the population which may present occasionally with a 
devastating and often fatal intracranial bleed. While the understanding of the patho- 
physiological mechanisms governing their genesis and rupture are still being eluci- 
dated, advancements in the imaging techniques have enabled radiologists to accurately 
characterize their morphology and relationship with the neighboring vasculature. The 
past few decades have seen a refinement in the microneurosurgical techniques and 
made possible permanent exclusion of the aneurysm from the circulation. The 
development of detachable platinum microcoils to embolize the aneurysmal sac led to 
the dawn of an era of minimally invasive endovascular surgery. This branch has seen 
phenomenal progress with the development of an assortment of medical devices. 
These include guidewires and catheters for access, improvements in the embolic coil 
design, endovascular balloons, neurovascular stents and flow diverting devices that 
facilitate obliteration of the aneurysm. Recently concluded clinical trials attest to the 
remarkable safety profile of endovascular occlusion. However, there is a concern over 
the durability of treatment necessitating mandatory follow up imaging and retreat- 
ments for aneurysm recanalization. Also, controversy exists over the indications for 
offering treatment for the incidentally discovered lA. Future research into the identi- 
fication of factors influencing the aneurysms predisposition to rupture and develop- 
ment of markers to assess that risk, will hopefully address this issue. 
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Abbreviations 

ADPKD Autosomal dominant polycystic kidney disease 

AICA Anterior inferior cerebellar artery 

CAMEO Cerebral aneurysm multicenter European Onyx trial 

CARAT Cerebral aneurysm rerupture after treatment 

CCT Cerecyte coil trial 

CE-MRA Contrast-enhanced magnetic resonance angiography 

CSF Cerebrospinal fluid 

CT Computed tomography 

CTA Computed tomography angiography 

DMSO Dimethyl sulfoxide 

DSA Digital subtraction angiography 

EVOH Ethylene vinyl alcohol 

EVT Endovascular treatment 

FDA Food and drug administration 

FLAIR Fluid-attenuated inversion recovery 

GDC Guglielmi detachable coils 

HELPS HydroCoil endovascular aneurysm occlusion and packing study 

lA Intracranial aneurysm 

ICA Internal cerebral artery 

ICP Intracranial pressure 

ISAT International subarachanoid aneurysm trial 

ISUIA International study of unruptured intracranial aneurysms 

MCA Middle cerebral artery 

MIP Maximum intensity projection 

MMP Matrix metalloproteinase 

MR Magnetic resonance 

MRA Magnetic resonance angiography 

PICA Posterior inferior cerebellar artery 

SAH Subarachnoid hemorrhage 

SNIS Society of neurointerventional surgery 

TCD Transcranial doppler 

TOF Time of flight 

VR Volume rendered 



1 Epidemiology 



Intracranial aneurysms (lA) are pathological localized dilatations in the cerebro- 
vascular wall in direct communication with the lumen and therefore the blood 
flow, resulting from an acquired or less frequently a congenital weakness in the 
arterial wall. The prevalence of lA remains uncertain and controversial due to its 
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insidious nature. Evidence suggests that 2-6% of the general population may 
harbor an intracranial aneurysm [122, 152, 156, 164], afflicting approximately 1.5 
and 6 million people in Germany and the United States [64], respectively. The 
mean annual incidence of subarachnoid hemorrhage, its most devastating pre- 
sentation, in Western Europe and the United States is 10 per 100,000 [53, 54], 
accounting for 30,000 new patients each year [75] in the United States. The rupture 
risk in the Finnish population is known to be higher- about 22.5 per 100,000 per 
year [54]. The clinical outcome of a ruptured aneurysm is abysmal, with thirty day 
mortality close to 50%. Of the survivors, 25% of the patients suffer severe dis- 
ability and the rest are at an increased risk for stroke, recurrent bleeding and other 
complications [100]. However, prophylactic aneurysmal obliteration is not feasible 
for all unruptured lA and is associated with concurrent risks. This justifies the 
motivation to aggressively investigate their elusive natural history so as to 
ascertain and treat those at a higher risk for rupture. 



2 IMorphology and Pathogenesis of Aneurysms 
2.1 Aneurysm Classification 

lA can be classified according to their etiology, morphology, size and their 
location. Based on their etiology, lA can be classified as developmental, degen- 
erative, flow related, atherosclerotic, mycotic, oncotic and of traumatic origin. 
Morphologically, lA can be classified as saccular, fusiform and dissecting aneu- 
rysms [139] (Fig. 1). Saccular aneurysms, defined as an outpouching of the vas- 
cular wall with a definable neck are by far the most common, responsible for 
80-90% lA. Fusiform cerebral aneurysms are nonsaccular, spindle shaped 
aneurysms with focal circumferential dilatation, whereas dolichoectatic aneurysms 
are elongated and tortuous with a uniform circumference. They are rare in 
comparison to saccular aneurysms having an annual incidence of less than 0.1% 
[4, 51]. Based on their pathophysiology, they can arise acutely as dissecting 
aneurysms, from a disruption of the internal elastic lamina resulting in an intra- 
mural hemorrhage, or as chronic fusiform/dolichoectatic aneurysms believed to 
arise from atherosclerotic degeneration of the aneurysmal wall [97]. 

The saccular aneurysms can be classified based on the largest diameter of the 
aneurysm dome as small (<10 mm in diameter), large (10-25 mm), and giant 
(>25 mm) aneurysms [153]. Further, it is important to measure the neck of the 
aneurysm. Wide-neck aneurysms are defined as having a neck diameter greater 
than 4 mm, or a dome-to-neck ratio < 2. 

Saccular aneurysms are most often located at the arterial bifurcations of the 
Circle of Willis, with a majority in the anterior circulation at the anterior com- 
municating artery (30%), at the junction of the internal carotid artery (ICA) and the 
posterior communicating artery (25%), the middle cerebral artery (MCA) bifur- 
cation (20%) and at the ICA bifurcation (7.5%) [15]. Of the aneurysms from the 
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Fig. 1 Digital subtraction angiography images of different aneurysmal morphologies and 
etiology, a Left vertebral artery angiogram depicts a basilar bifurcation aneurysm (arrow), 
involving both origins of the posterior cerebral arteries, b Left vertebral artery angiogram, oblique 
lateral view, demonstrates a fusifomi atherosclerotic aneurysm (arrow) of the basilar trunk, 
involving the origin of the right anterior inferior cerebellar arteries(AICA). c Right vertebral artery 
angiogram, oblique lateral view, shows a dissection of the basilar trunk (thick arrow), associated 
with a large pseudo-aneurysm (arrow) d and e Internal carotid artery (ICA) angiogram (d) and 
supraselective microcatheter injection (e), lateral view, demonstrates a distal MCA mycotic 
aneurysm. Internal carotid artery angiogram, lateral view depicts a saccular aneurysm associated 
with a persistent trigeminal artery (developmental anomaly with the persistence of the short wide 
fetal connection between the cavernous carotid and upper third of the basilar artery) (f) 



posterior circulation, 7% arise from the basilar artery bifurcation and 3% from the 
origin of the posterior inferior cerebellar artery (PICA) [15] (Fig. 2). 



2.2 Pathophysiology 



A healthy cerebral artery comprises of three circumferential layers: tunica intima 
with endothelial cells and a separating internal elastic lamina; a tunica media with 
elastin fibers and circumferentially organized smooth muscle cells and tunica 
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Fig. 2 Intracranial 
vasculature shows the most 
frequent locations of 
intracranial aneurysms. 
Percentages indicate the 
incidence of intracranial 
aneurysms [15] 
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externa with helical pitches of type I collagen fibers. The collagen provides for the 
high tensile strength and the elastin for the compliant response of the cerebral 
arteries [157]. In comparison to systemic arteries, cerebral arteries possess sig- 
nificantly less elastin in the media, lack an external elastic lamina and have medial 
discontinuities (raphes). These features are believed to make them more vulnerable 
to aneurysmal dilatation [139]. 

The emerging pathophysiological hypothesis regarding the initiation of the 
saccular lA formation, attributes their asymmetric or focalized outward vascular 
remodeling as an attempt to re-establish homeostasis following hemodynamic and 
biological insults [46]. Endothelial cell activation results from the sustained and 
localized impact of the high wall sheer stress experienced by the vascular wall at 
regions of susceptible arterial geometries, like arterial bifurcations and in vascu- 
lature made vulnerable secondary to vasculopathies like connective tissue disor- 
ders. This, in combination with myointimal hyperplasia — the proliferation and the 
luminal migration of the smooth muscle cells, initiates inflammatory cell 
recruitment, secreting matrix metalloproteinases (MMPs) like elastases [41, 46]. 
This results in the pathologic degradation of the internal elastic lamina, which 
accounts for most of the mechanical strength and integrity of the cerebral vessel, 
resulting in a preaneurysmal change. Histologically, unruptured cerebral aneu- 
rysms lack an endothelial layer, have a disrupted internal elastic lamina, thinned 
media with apoptosis of smooth muscle cells and inflammatory mediators [41]. 
The early aneurysm undergoes modeling and growth which may lead to its 
eventual stabilization [161]. It may however become unstable with continual 
exposure to the inflammatory mediators and hemodynamic impulses. When the 
intraluminal pressure overcomes the tensile strength of the aneurysmal wall it 
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Fig. 3 Pictorial representation of the mechanism of intracranial aneurysm wall degeneration and 
rupture. Aneurysmal dilatation of the cerebral vessel at the site of the disrupted internal elastic 
lamina (7) leads to the luminal migration and the proliferation of the smooth muscle cells (2). These 
structural modifications in the luminal wall, in combination with the hemodynamic stress lead to 
endothelial cell dysfunction (i) and the chemotactic recruitment of the inflammatory cells (4). 
Growth factors secreted by the macrophages (5) promote aneurysm remodeling and stabilization of 
its mechanical strength and integrity by secreting matrix proteins. However, the cytotoxicity caused 
by the inflammatory cell infiltration and decreased oxygenation results in apoptotic mural cell death 
(mostly smooth muscle cells) (6). Increased cell lysis from the metalloproteinases (7) and decreased 
production secondary to the decellularization slows the matrix turnover. Endothelial dysfunction 
and hemodynamic shear stress promote thrombus formation at the aneurysmal wall (S). Thrombus 
attracts neutrophils and other inflammatory cells (9) which are potent producers of proteolytic 
enzymes. Mural cells lead to the organization of the thrombus {10). The net effect of these 
degenerative and reparative mechanisms may result in the critical thinning of the aneurysm wall, 
which when it overcomes the wall tensile strength results in aneurysm rupture. [145] 

succumbs, resulting in rupture. A graphic representation of the pathophysiology of 
aneurysm rupture is provided in Fig. 3. 



2.3 Aneurysm Growth and Rupture 



The mechanical behavior of the aneurysm wall relies largely on the strength and 
organization of the adventitial collagen fibers which have an increased turnover due 
to the enhanced fibroblastic activity, secondary to elastin and the smooth muscle 
cell degradation [65, 66, 81]. Although aneurysm size has been implicated as a 
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quantitative predictor of rupture risk [55], this factor alone cannot explain for all the 
ruptured aneurysms that are typically small, known as the aneurysm size paradox. 
International Study of Unruptured Intracranial Aneurysms (ISUIA) is the largest 
study conducted to date to elucidate the natural history and assess the rupture risk 
for lA. They concluded that the rupture risk was a function of their size, being small 
for aneurysms smaller than 7 mm and 40% for aneurysms greater than 25 mm in 
diameter [165]. However, as previously mentioned, most ruptured aneurysms are 
small. This suggests that although a critical size for a rupture may exist, other 
factors may also influence its integrity. Irregularities in the aneurysm morphology 
like lobulations and daughter sacs, best described as undulations in the aneurysmal 
wall; biomechanically represent regions of stress concentration and mechanical 
anisotropy [81, 113]. Determination of stress and deformation using non linear 
finite element analysis on simulated aneurysm models has demonstrated that spatial 
variations in the wall thickness and material stiffness may lead to wall stress 
concentration in the 'bleb' region of the aneurysmal wall, which may be responsible 
for the susceptibility of irregular and multilobular aneurysms to rupture [19, 45]. It 
is likely that these bleb regions are undergoing an active remodeling process that 
lacks the mechanical integrity to withstand physiological stresses. 



3 Risk Factors 

Mechanisms by which various risk factors mediate the formation of the aneu- 
rysmal pouch remain to be elucidated. Both genetic constitution and environ- 
mental influences have a role in determining the risk for aneurysm occurrence and 
their rupture. 

The genetic risk of an individual developing an intracranial aneurysm can be 
classified into two categories: hereditary syndromes and familial lA. Hereditary 
connective tissue disorders like autosomal dominant polycystic kidney disease 
(ADPKD), Ehlers-Danlos syndrome and Marfans syndrome have a predisposition to 
lA due to their inherent arterial wall weakness. Other hereditary disorders like 
Neurofibromatosis Type 1 and Moyamoya disease are also associated with lA [ 1 , 60] . 
Another rare distinct entity is the familial aneurysm. Familial lA are defined as 
families in which two or more first or second degree relatives present with either an 
asymptomatic lA or S AH without any known heritable disease known responsible for 
lA [156]. The screening of the first degree relatives of patients with lA and sporadic 
subarachnoid bleed has revealed 4-9% prevalence [110, 123], a risk upto four times 
greater than the general population, by one estimate. Familial aneurysms exhibit a 
distinct pattern, having a propensity to rupture at a smaller size and at an earlier age 
from the acquired aneurysms. Siblings often present with aneurysms at an identical or 
a mirrored location [77]. Multifactorial, autosomal dominant and autosomal 
recessive transmission patterns have been described in literature [16, 168]. 

Several lines of evidence implicate multiple environmental risk factors like 
hypertension, cigarette smoking, family history of cerebrovascular disease and 
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estrogen deficiency as observed in the postmenopausal female in the pathogenesis 
and the rupture of lA. The strongest association for a modifiable environmental 
risk factor identified for both ruptured and unruptured lA is cigarette smoking, 
with current smokers having a five times greater risk of a subarachnoid bleed. Case 
control studies have demonstrated a relative risk of 3.8 for men and women 
combined, with a positive dose-response relationship [11] and a 20% attributable 
risk of SAH among smokers [125]. The role of cigarette smoking may be attrib- 
uted to a decrease in the effectiveness of ai-antitrypsin [42, 57], the main inhibitor 
of proteolytic enzymes like elastase. The female preponderance of lA at a rate of 
3:1 [76, 99, 102, 126] may be attributed to collagen wasting secondary to the 
postmenopausal estrogen deficiency. 

Once the lA is acquired the risk for its rupture is determined by a number of 
factors. Previous history of SAH, especially in the small aneurysms, and posterior 
circulation aneurysms are independent risk factors for the lA rupture [55]. Vessel 
instability, familial associations, and large aneurysm size may also predispose the 
aneurysm to rupture. 



4 Clinical Presentation 

4.1 Ruptured I A 

Most lAs remain quiescent until they rupture, when it presents as a neurological 
emergency. Breach in the aneurysmal wall causes extravasation of blood under 
arterial pressure into the subarachnoid space, rapidly increasing the intracranial 
pressure and presenting acutely with an excruciating headache ("worst headache 
of my life"), which may be associated with nausea and vomiting (77%), depressed 
global consciousness (53%) and nuchal rigidity (35%) [37]. The physical 
examination may reveal meningismus, ocular hemorrhages and focal and/or 
generalized neurological signs. Premonitory symptoms referred to as a sentinel 
headache, occurring 2-8 weeks prior to the subarachnoid bleed may be experi- 
enced in 10^3% of the patients [106]. An acute expansion, thrombosis, or 
dissection of the cerebral aneurysm or a small focal rupture may be responsible for 
its occurrence [27]. Since headache is a nonspecific and an exceedingly common 
presentation to the emergency room, a high index of suspicion is warranted to 
avoid a misdiagnosis and a delay in the treatment [28]. 

Clinical evaluation of a SAH includes an examination of the patient's level of 
consciousness, meningismus, focal neurological signs and a fundoscopic exami- 
nation. Meningismus presenting as nuchal rigidity, photophobia and a positive 
Kernig's and Brudzinski's sign may be seen within 6-12 h following SAH due to 
an inflammatory response to the blood breakdown products and is present in half 
the patients [27]. A funduscopic exam may reveal papilledema due to an increased 
intracranial pressure and retinal hemorrhages in 40% of the patients [40]. 
Approximately 80% of the patients with a spontaneous SAH have a ruptured 
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Table 1 Hunt and Hess scale adapted from surgical risk as related to time of intervention in the 
repair of intracranial aneurysms, William E. Hunt and Robert M. Hess Journal of Neurosurgery 
Category Criteria 

Grade I Asymptomatic or minimal headache and slight nuchal rigidity 

Grade II Moderate to severe headache, nuchal rigidity, no neurological deficit 

other than cranial nerve palsy 
Grade III Drowsiness, confusion or mild focal deficit 

Grade IV Stupor, moderate to severe hemiparesis, possibly early decerebrate 

rigidity and vegetative disturbances 
Grade V Deep coma, decerebrate rigidity, moribund appearance 



Table 2 *WFNS = World Federation of Neurological Surgeons; SAH = Subarachnoid Hem- 
orrhage; GCS = Glasgow Coma Scale Surgical risk as related to time of intervention in the repair 
of intracranial aneurysms. Journal of neurosurgery [0022-3085] Hunt yr:1968 vol:28 iss:l 

pg: 14-20 

WFNS grade GCS score Motor deficit 

I 15 Absent 

II 14-13 Absent 

III 14-13 Present 

IV 12-7 Present or absent 

V 6-3 Present or absent 



aneurysm. A milder clinical spectrum and a normal neurological exam may 
confound the evaluation. This may result in a misdiagnosis of SAH, which has a 
fourfold higher risk of death and disability at one year [63]. 

Various grading systems have been devised to guide clinical assessment, pro- 
vide prognostic information and to quantify changes in the disease severity. The 
most widely used among them are the Hunt-Hess scale [52] and the World Fed- 
eration of Neurological Societies grading scale [119] which is an adaptation of the 
Glasgow Coma Scale (Tables 1 and 2). The Fisher scale was devised as an indi- 
cator of the vasospasm risk, based on the distribution of the blood in the sub- 
arachnoid, parenchymal and the interventricular space as observed on the initial 
non-contrast head CT [36]. 



4.2 Unruptured lA 

Asymptomatic unruptured lA are most often discovered incidentally during a 
neuroimaging workup or during screening of individuals believed to be at risk for 
lA. When symptomatic they present most often with a headache. They also may 
present with a mass effect, which is the compression of adjacent neural structures 
by the aneurysm. The associated neurological deficit may give clues as to the 
location of the aneurysm. This mass effect manifests as a loss in visual acuity or 
cranial neuropathies, most commonly as third nerve palsy when the aneurysm is 
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located at predictable locations (posterior communicating artery, the basilar ter- 
minus, anterior choroidal artery, and the intracavernous internal carotid artery). On 
examination, this presents as a drooping eyelid, with a large unreactive pupil and 
the eye resting in abduction, slight depression and intortion. Finally, some un- 
ruptured aneurysms may shed emboli from intraaneurysmal thrombosis and 
present with ischemic symptoms [39]. 



5 Diagnosis 

5.1 Acute Presentation 

The imaging workup of the patient is determined by their presentation. A high 
index of suspicion for SAH should exist when a patient presents with an acute 
onset of severe headache. Any headache which presents with the red flag neuro- 
logical signs such as paralysis, drowsiness, confusion or memory impairment 
warrants a thorough neuroimaging workup [80]. The non-contrast head computed 
tomography (CT) scan is the initial radiological investigation of choice to establish 
the diagnosis of SAH. The sensitivity of the CT for detecting SAH within 12 h of 
symptom onset varies from 93 to 98% for older generation CT scanners [147]. The 
newer generation 64-slice multidetector CT scanners have demonstrated a sensi- 
tivity approaching 100%, within the first five days of an intracranial bleed [10, 21]. 
If clinical suspicion remains high, but the CT findings are read negative for a 
subarachnoid bleed, a lumbar puncture is warranted to investigate for the presence 
of xanthochromia, the yellowish hue due the presence of hemoglobin breakdown 
products in the cerebrospinal fluid. A normal CT scan and the absence of 
xanthochromia excludes the SAH, provided if the xanthochromia is investigated 
by spectrophotometry and lumbar puncture is carried out between 12 h and 
2 weeks after the ictus [151]. A subsequent imaging workup is necessary to 
investigate the presence of a cerebral aneurysm. 



5.1.1 CT Angiography 

With rapid strides made in the CT technology, CT angiography (CTA) is a fast 
evolving diagnostic imaging modality in the detection and treatment planning of 
lA [2, 143]. The procedure involves a rapid intravenous injection of iodinated 
contrast with image acquisition during the arterial phase in the region of interest. 
The 64-slice multidetector CT scanners have shown significant improvement in 
detection of smaller aneurysms due to less venous contamination and faster 
scanning afforded by the increased detector number. The sensitivity and the 
specificity of CTA for the diagnosis of the aneurysms depend on the aneurysm 
size, location and the interpreting radiologist's experience. The sensitivity of CTA 
in detection of aneurysms smaller than 4 mm is 92.3%, whereas for aneurysms 
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greater than 4 mm it is close to 100% [84]. Addition of the CTA protocol to the 
initial non-contrast head CT imaging evaluation at the expense of very little extra 
time, yields invaluable information for the planning of surgical and endovascular 
procedures by characterizing the cranial and the cervical vasculature, and delin- 
eation of aneurysm morphology in relation to the adjacent structures. CTA can 
also complement the information gathered by catheter angiography since it can 
better define aneurysmal wall calcification, intraluminal thrombus, orientation of 
the aneurysm with respect to intraparenchymal hemorrhage; localize the rupture 
site and the relationship to the bony landmarks [6]. However the CTA at present 
suffers from some limitations: Failure to appreciate the course of the contrast- 
enhanced cerebrovasculature in the close proximity to the bony structures. Also 
the beam hardening artifact due to the attenuation of the neuroimplants (i.e., 
neurosurgical clips or platinum coils in previously treated aneurysms) may obscure 
the visualization of the aneurysm, parent vessel and the brain parenchyma thus 
limiting its diagnostic value. 

Catheter digital subtraction angiography (DSA) adds the temporal information 
regarding the flow of contrast material, which is not appreciated on CTA. How- 
ever, the 2D images acquired limit the appreciation of complex vascular rela- 
tionships due to large areas of opacification secondary to vessel overlap. CTA 
allows the data to be collected in a 3D array. Three dimensional image worksta- 
tions allow real time manipulation the rotational data, allowing numerous pro- 
jections and postprocessing options, generating image reconstructions that can be 
evaluated in any plane [112]. Two most commonly employed reconstruction 
algorithms are the maximum intensity projection (MIP) and the volume rendered 
(VR) images. MIP images are more reliable for the measurement of size, stenosis 
and the aneurysm neck, since they are less susceptible to the windowing/leveling 
artifact. VR images provide the best overall 3D perspective of the aneurysm 
morphology and its relation to the adjacent structures [143]. 



5.1.2 Catheter Angiography 

Catheter angiography remains the "gold standard" imaging modality for cerebral 
aneurysm evaluation, allowing for their detection, spatial and morphometric 
analysis, assessment of the parent vessel vasospasm and also permitting for 
adjunctive intraluminal treatment in the same session. Catheter angiography is 
typically performed using digital subtraction angiography using biplane imaging 
which reduces the contrast dose administered. Angiography of both the internal 
carotids and vertebral arteries is performed to adequately evaluate the anterior and 
the posterior circulation. 

Although the neurological morbidity of the invasive catheter technique in 
evaluating patients with SAH and cerebral aneurysms is quite low [20], risks 
associated with the groin puncture (for femoral artery access), navigation of the 
catheters, and ionizing radiation are present. Though rare, two major risks asso- 
ciated with iodinated contrast use are allergic contrast media reaction and contrast 
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mediated nephrotoxicity, which can be life threatening [59]. These risks are 
associated with both catheter angiography and CTA. Use of low or isoosmolar 
contrast media, pre-treatment with corticosteroids and antihistamines in patients 
with a documented history alleviates the allergic reaction [70]. Pre-procedural 
hydration and cytoprotective drug acetylcysteine in patients with high serum 
creatinine offers protection from contrast mediated nephropathy. 



5.1.3 MR Imaging 

Fluid attenuation inverse recovery (FLAIR) and proton density weighted imaging 
are sensitive MR imaging sequences for the accurate detection of acute SAH 
[167]. However due to the constraints of acute patient management, the role of MR 
is better realized in the sub acute setting, as a screening modality and for follow-up 
of patients after endovascular treatment of aneurysms and in the evaluation of 
pregnant patients. MR angiography (MRA) technique employs the time-of-flight 
(TOF) and the contrast-enhanced MRA (CE-MRA) for aneurysm detection. TOF 
is a gradient echo sequence which suppresses the background tissue by saturating 
the volume of tissue including blood with radiofrequency (RF) pulses. In contrast, 
the blood flowing into the slice after the RF pulse will retain its signal intensity and 
stand out in the suppressed background. The sensitivity and accuracy of VR 3D- 
TOF MR in detecting lA on a 3T system has been found to be more than 95% 
when compared with the VR DSA [71]. CE-MRA is almost directly analogous to 
IV-DSA and IV-CTA. An intra-venous injection of a short dense bolus of a 
gadolinium based contrast agent is imaged on the first pass through the arterial 
system. Sequential scans are added to acquire early and late venous images. 
Because of its speed, lack of sensitivity to flow related artifacts (spin saturation 
and phase dispersion), and capability of covering a large field of view, contrast- 
enhanced MR angiography has inherent advantages over TOF MR angiography, 
and is a practical alternative to CTA. The MRA sensitivity for image interpretation 
is augmented when source images are used in concert with three dimensional 
reconstructed images generated using image post processing algorithms [94]. 
Multimodality cerebral angiography including CT angiography, MR angiography 
(TOF), catheter DSA and 3D rotational angiogram is represented in Fig. 4. 



5.2 Aneurysm Screening 

Screening is warranted in high risk individuals with the genetic syndromes asso- 
ciated with lA, familial aneurysm clustering and to proactively seek de novo 
aneurysms in individuals with previous SAH. It is well conceded that an approach 
that is balanced between cost effectiveness and with an acceptable risk profile needs 
to be adopted. Since the risk for the development of an lA remains lifelong, a 
repeated screening model may be justified [159]. Cost effectiveness simulation 
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Fig. 4 A 68 year-old male 
received brain imaging 
following onset of unsteady 
gait, a CT angiography (axial 
MIP) and b Time-of-flight 
MR angiography shows a 
small anterior communicating 
artery aneurysm (arrow) 
c Catheter DSA and d 3D 
angiography depict the 
aneurysm and adjacent 
vasculature with high spatial 
resolution (frontal projection) 




analysis in the Dutch health care system provides evidence based recommendations 
for screening individuals with 2 or more first-degree relatives with SAH. An opti- 
mum strategy for screening individuals based on their model is every 7 years from 
age 20 to 70 years [12]. The 3T 3D-T0F MRA and 64 channel multi detector CTA 
are both excellent modalities with a high diagnostic accuracy for evaluating 
unruptured lA. Since both these techniques yield similar diagnostic accuracy and 
spatiomorphological characterization, it may be more prudent to screen individuals 
with 3D-T0F-MRA since it spares the exposure of individuals to ionizing radiation 
and contrast media [50]. The psychosocial consequences of positive screening need 
to be assessed and appropriate support and professional counseling provided to the 
individual, making the available evidence known, so that an informed decision 
regarding treatment and conservative management can be made [160]. 



6 Management of Unruptured Aneurysms 



In this age of diagnostic imaging, more and more unruptured aneurysms are being 
diagnosed both incidentally and proactively by screening. Prophylactic treatment 
in certain high risk situations like polycystic kidney diseases, collagen vascular 
diseases, symptomatic unruptured aneurysms and in patients with history of pre- 
vious SAH is usually more straightforward. However, the management of a 



344 M. Mehra et al. 

sporadically occurring aneurysm remains controversial, since more definitive 
aspects of the natural history of these lesions still remain obscure. It is estimated 
that for most unruptured aneurysms, the annual rupture risk is 0.1% annually. 
Certain factors are known to increase this rate, and are explained hereafter. 

The International Study of Unruptured Intracranial aneurysms (ISUIA) aimed 
to provide information about the magnitude and determinants of the risks asso- 
ciated with the natural history and repair of unruptured aneurysms [165]. The 
prospective arm of the study enrolled 4,060 patients; 1,692 patients with 2,686 
aneurysms (1,077 patients with no previous history of lA related SAH and 615 
patients with previous SAH) received conservative treatment (medical manage- 
ment of patients comorbidities, no treatment of the aneurysm), whereas 1,917 and 
451 patients underwent surgical and endovascular intervention, respectively. 
3% of the unoperated cohort (51 patients) experienced aneurysmal rupture during 
the study period. A further characterization of the rupture risk was made based on 
the site and the size of the aneurysm. In the anterior circulation, the five year 
cumulative risk of aneurysm rupture was 0, 2.6, 14.5 and 40% for aneurysms less 
than 7, 7-12, 13-24 and 25 mm or greater, respectively. In contrast, aneurysms 
found in the posterior circulation or the posterior communicating artery demon- 
strated a higher cumulative five year rupture risk of 2.5, 14.5, 18.4 and 50%, for 
the same aneurysmal dimensions, respectively. The study also sought to compare 
the natural history of the disease with an aneurysm treatment, either endovascular 
or neurosurgical approaches. The overall one year morbidity and mortality in the 
surgical cohort was 13.7% for individuals with no SAH and 11% of individuals 
with SAH. In the endovascular group combined treatment morbidity and mortality 
at 1 year was 7.1% with prior SAH and 9.8% without SAH. Predictors of poor 
surgical outcome were age above 50 years, large aneurysm size, and posterior 
circulation (particularly basilar tip). Endovascular treatment of patients above 
50 years-old was safer than craniotomy but statistically conclusive statements 
could not be made due to the small size of the endovascular cohort. Although a 
landmark study, with to date the best data surrounding natural history of unrup- 
tured brain aneurysms, ISUIA was deeply criticized by both the neurosurgical and 
endovascular communities alike for the methodological flaws in the study design 
and its conclusions [116]. Most of the criticism is centered around the lack of 
randomization that led to bias in the aneurysm population. To settle the contro- 
versy regarding the benefits and risks of intervention versus observation in un- 
ruptured aneurysms, a randomized trial on Endovascular Aneurysm Management 
(TEAM) was launched with an objective to recruit 2,002 patients in a three year 
period and monitor their progress over a 10 year period [117]. However due to 
insufficient recruitment the trial was suspended. There is still a need for more 
randomized trials to evaluate the natural history of unruptured lA. 

The two available treatment approaches for lA treatment involve minimally 
invasive endovascular treatment and neurosurgical clipping. To evaluate the 
effectiveness and to assess the outcomes of endovascular coiling versus neuro- 
surgical treatment in unruptured aneurysms, a large retrospective cohort of 2535 
unruptured aneurysms was analyzed, 74% (1881) of whom were surgically treated. 
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The data base was collected from 429 hospitals, in 18 states representing 58% of 
the US population during a one year time interval. Endovascular treatment in 
comparison to neurosurgical clipping (P < 0.05) was associated with fewer 
adverse outcomes (6.6 versus 13.2%), decreased mortality (0.9 versus 2.5%), 
shorter lengths of stay (4.5 versus 7.4 days) and lower hospital charges ($42,044 
versus $47,567) [48]. 

Due to the lack of definitive guidelines, each case needs to be examined 
individually, assessing the factors like patient's age, comorbid medical conditions, 
aneurysm size, location and its relationship to the parent and other adjacent ves- 
sels, surgical or endovascular access and patient preference. If a decision for 
expectant management is made, it is suggested to monitor the patient with CTA or 
MRA annually for two to three years and there after every 2-5 years if the 
aneurysms are clinically and radiologically stable. Smoking cessation, avoidance 
of alcohol overconsumption and stimulant medications should be advised [166]. 



7 IManagement of Ruptured Aneurysms 

7.1 Emergency Evaluation 

The initial medical evaluation of two thirds of the patients presenting with a 
ruptured aneurysm is made by the emergency medical services. After a quick 
neurological assessment and an initial stabilization by ensuring an adequate air- 
way, breathing and circulation, a mechanism of swift transport and advanced 
notification to the emergency department needs to be institutionalized to help 
minimize the unnecessary on-scene delays [6]. 

On confirmation of SAH by the initial non-contrast head CT, the focus shifts to 
definitive diagnosis and prevention of complications. Although most often, the 
cause for a nontraumatic subarachanoid bleed is a ruptured aneurysm, other rare 
causes like an intracranial or spinal vascular malformation and perimesencephalic 
nonaneurysmal SAH need to be ruled out. Consultation with a skilled interdisci- 
plinary team, including neurosurgery, interventional neuroradiology and a neur- 
ointensivist should act in concert to determine the future course of action. 



7.2 Medical Stabilization 

7.2.1 Blood Pressure and Intracranial Pressure Control 

The risk of aneurysm rebleeding as a result of rerupture is highest during the first 
24 h, particularly during the first 6 h after the SAH [5, 95]. After admission to a 
neurointensive setting; bed rest, stool softeners and analgesics are administered to 
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minimize the risk of raising the intraarterial pressure. Simultaneous measures to 
medically stabilize the patient should continue while preparations are made for 
definitive treatment. 

Precise hemodynamic control is critical to sustain the precarious balance 
between cerebral perfusion and preventing rerupture. The immediate aftermath of 
SAH causes an intracranial volume loading and a simultaneous increase in the CSF 
outflow resistance resulting in a raised intracranial pressure (ICP) [13]. As the 
elevating ICP equalizes the arterial pressure, it arrests the bleeding from the 
ruptured aneurysm due to tamponade. Although an increased arterial pressure is 
the only means to maintain cerebral perfusion and prevent infarction, the gradient 
may unsecure the temporary thrombus plug on the ruptured aneurysm and worsen 
the SAH. 

To control an elevated blood pressure, short acting continuous infusion of 
intravenous formulations like nicardipine, labetalol and esmolol are preferred as 
they have a predictable dose-response relationship. Sodium nitroprusside should 
be avoided since it has a tendency to raise the intracranial pressure and cause 
toxicity with prolonged infusion [6]. Treatment for pain and anxiety may also help 
to reduce the elevated blood pressure. A ventriculostomy should be considered in 
some situations to monitor the ICP, to help guide the antihypertensive measures 
and treat hydrocephalus. 



7.2.2 Prophylactic Oral Nimodipine 

Several randomized clinical trials have demonstrated the efficacy of Nimodipine 
administration, a dihydropyridine calcium antagonist with a favorable reduction of 
morbidity and mortality [25, 101]. This response of Nimodipine was believed to be 
due to the prevention of vasospasm, i.e., the narrowing of large capacitance vessels 
in response to the spasmogenic substances produced by lysed blood. However, on 
angiography it demonstrates a limited large vessel vascular response to vasospasm. 
Also, the failure of translation of these favorable outcomes to other potent vaso- 
dilators like nicardipine, have led to a hypothesis of alternative cerebroprotective 
mechanisms due to Nimodipine [101]. Nimodipine is administered orally or 
through a nasogastric tube every 4 h for 3 weeks [103]. Monitoring of blood 
pressure and adjustment of antihypertensive therapy is necessary due to the 
hypotensive response to the drug. 



7.2.3 Antifibrinolytic Therapy 

The role of antifibrinolytic therapy in reducing the risk of rebleeding has been 
investigated for decades and numerous randomized clinical studies have concluded 
that the initial reduction in the rebleeding risk is offset by worse outcomes sec- 
ondary to cerebral infarction [124]. However, recent evidence from a prospective, 
randomized trial suggests that the administration of a short course of 
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antifibrinolytic Tranexamic Acid immediately at the time of SAH diagnosis in 
concert with early intervention to obliterate the aneurysm, followed by the dis- 
continuation of the drug results in a significant reduction of early rebleeding rates 
without increasing the risk for cerebral infarction [49, 138]. 



73 Therapeutic Intervention for Ruptured Intracranial 
Aneurysms 

Untreated ruptured aneurysms have a 3-4% risk of rebleeding in the first 24 h, a 
1-2% risk per day in the first month, and a long term risk of 3% per year after 
3 months [6]. Hence early aneurysm obliteration and its exclusion from the parent 
vessel circulation is the accepted treatment strategy to increase the likelihood of 
positive outcomes. There are two treatment approaches available. Neurosurgical 
intervention, involving aneurysmal clipping has been the cornerstone of man- 
agement of ruptured I A in the past century. The technique was further refined in 
the 1970 s with the advent of the stereoscopic operating microscope and devel- 
opment of microsurgical techniques. The development of Guglielmi detachable 
endovascular coils (GDC; Stryker Neurovascular, Fremont, CA) led to the dawn of 
an era of minimally invasive endovascular coil occlusion of lA [44]. This neu- 
rointerventional branch has made phenomenal advancements in the past 20 years 
with the strides made in diagnostic imaging, medical devices, and highly spe- 
cialized interventionalists. 

The evidence comparing endovascular therapy and surgical clipping came from 
two randomized, prospective studies. In 1999, a single center study from Finland 
presented the data from 109 patients with acute SAH, randomized to the endo- 
vascular and neurosurgical arm showing an equal benefit in survival and neuro- 
psychological outcomes at three and twelve months after treatment [61, 150]. The 
International Subarachanoid Aneurysm Trial (ISAT) is a landmark multicenter 
prospective, randomized study that defined and established the safety and efficacy 
of endovascular treatment (EVT) of ruptured aneurysms. The trial commenced in 
1994 and recruitment was halted early in 2002 due to clear superiority of EVT. 
2143 SAH patients with ruptured I A enrolled from 1994 to 2002 were randomly 
assigned to the neurosurgical clipping (n — 1070) and endovascular treatment 
with detachable platinum coils (n = 1073). Outcomes in terms of freedom from 
death and disability were significantly lower with endovascular coiling (22.6% 
relative risk reduction, 6.9% absolute risk reduction) [86]. One year after treatment 
the absolute risk reduction for the endovascular arm was 7.4% and this indepen- 
dent survival benefit continued for seven years [88]. 

These early results suggest the superiority of endovascular coiling in com- 
parison to neurosurgical clipping. However, concerns regarding treatment dura- 
bility remained due to the threat of rebleeding secondary to aneurysm 
reoccurrence. Aneurysm recurrence is defined as an increase in the size of the 
remnant opacification of the sac on subsequent follow-up angiograms and is 
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attributable to low initial volumetric filling, and aneurysm recanalization due to 
coil compaction, migration of the coils into thrombus, or aneurysm regrowth. 
This risk makes it imperative to practice long term imaging follow up and if 
deemed necessary offer retreatment [17]. The prospective comparative rebleeding 
risk of coil embolization was 1.9% within the first 30 days of treatment and 
0.6% per patient year between 30 days and 1 year of treatment. The corre- 
sponding rates for clip ligation were 0.7% within the first 30 days and 0.3% per 
patient year from 30 days to 1 year. Long term rebleeding risk (>1 year) post 
treatment for coil embolization and clipping is 0.21% and 0.063% per patient 
year, respectively. The ISAT investigators concluded that although the risk of 
rebleeding from the treated aneurysm was greater with coiling than with clip- 
ping, the risk remained small and there was no difference between the groups in 
the number of deaths due to rebleeding [89]. 



8 Neurosurgical Aneurysmal Clipping 

Microvascular neurosurgical clipping involves craniotomy and placing of a tita- 
nium clip across the aneurysm neck using an extravascular approach. This aligns 
and reconstitues the structural components of the parent artery, resulting in the 
exclusion of the aneurysmal segment from the circulation (Fig. 5). Although 
neurosurgery is associated with higher procedural morbidity and mortality, it has a 
low reoccurrence and rebleed rate. In fact surveillance imaging is not standard of 
care following neurosurgical clipping. This modality is more frequently considered 
in younger patients with lA, depending on their location and angioarchitecture. 
MCA aneurysms due to their easier surgical exposure through the sylvian fissure 
are more amenable for surgical repair [118]. Posterior circulation aneurysms by 
contrast, represent a major challenge for the neurosurgical approach due to the 
narrowness of the field and presence of vital perforators. For example, the com- 
bined morbidity and mortality in the surgical treatment of giant unruptured basilar 
apex aneurysms is found to be in the range of 50% [136]. Aneurysm rupture with a 
massive intracranial bleed constitutes a specific indication for craniotomy to 
permit the expeditious evacuation of the clot to relieve the mass effect and treat 
with aneurysm clipping [118]. 

In preparation of the patient for a neurosurgical repair, it is essential to relax the 
brain to minimize the retraction necessary during exposure of the surgical field. 
This involves reduction of the CSF volume in a controlled fashion by either 
placement of a lumbar drain or a ventriculostomy. Hyperventilation and mannitol 
administration prior to the skin incision also help reduce the intracranial pressure 
and help facilitate a safe dissection near the aneurysm. Procedural complications 
occur in 30% of the patients resulting from temporary vessel occlusion, brain 
retraction and intracerebral hemorrhage secondary to intraoperative aneurysm 
rupture [38]. Treatment at neurosurgical centers with high procedural volume is 
associated with a better outcome [8]. 
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Fig. 5 A 60 year-old male 
had an incidental finding of a 
large anterior communicating 
artery aneurysm. Frontal 
DSA (a) and 3D rotational 
angiography (b) show the 
detailed structure of the 
aneurysm (arrow). After 
surgical clipping of the 
aneurysm {arrow, d), frontal 
DSA (c) demonstrates 
complete obliteration of the 
aneurysm with preservation 
of bilateral A2 segments. 3D 
angiography (d) however 
reveals a small remnant of the 
aneurysm neck (hollow 
arrow) 




9 Aneurysm Embolization 

The goal of endovascular embolization is to isolate and exclude the aneurysm from 
the cerebral circulation by decreasing the residual intra-aneurysmal blood flow, 
promoting thrombus organization in its lumen and endothelial cell proliferation 
across the neck with ultimate remodeling of the parent vessel [18, 104]. Numerous 
technological innovations in the past two decades have transformed this inter- 
vention as a mainstream treatment for lA. Endovascular treatment of lA involves 
treatment with embolic platinum coils with or without balloon remodeling and 
stent, flow divertors and liquid embolic agents. 



9.1 Embolic Coil Technology 



The embolic microcoil comprises of a biocompatible metal alloy that is made 
into a spring and further processed to have a secondary structure. The stock wire is 
the linear fabricated structure with a diameter Dj. The wire is wound around a 
mandrel with a diameter D2, to conform to a secondary structure, also known 
as the primary wind of the coil. D] in conjunction with D2 and the number 
of turns per unit length (n) of the primary wind, impact the coil stiffness. 
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Fig. 6 Helical coil design. The stock wire with the primary (1°) diameter Di is wound around a 
mandrel with a diameter D2 to a secondary (2°) configuration, and the tertiary (3°) configuration 
with D3 [162] 



Finally, the resulting spring structure can be conformed to a variety of designs 
(spherical, helical, complex) with a diameter D^ (Fig. 6) [162]. 

The coil stiffness is directly proportional to the fourth power of Dj and 
inversely proportional to n and the third power of D2. G is the shear modulus or 
modulus of rigidity of the alloy. 



stiffness a 



DIG 



Coil softness, an inverse measure of coil stiffness, is a desirable coil property 
and can be manipulated by fine tuning these parameters and has been the impetus 
for the emergence of wide array of choices available commercially. 

Another fundamental property of the embolic coil, critical in the clinical con- 
text is packing density. Packing density is defined as the ratio of coil volume to the 
aneurysm volume. It offers increased biomechanical stability and is a well 
described predictor of treatment durability, and is inversely related to coil com- 
paction and the rate and degree of aneurysm recurrence [62, 133]. Previous studies 
have demonstrated high packing density (>24%) protects against recanalization in 
aneurysms with volumes smaller than 600 mm"*. The maximum packing density 
achieved, by the endovascular coil embolization of lA with the currently available 
coils is less than 50%, even in patients with documented complete angiographic 
occlusion. These low packing densities have been attributed to the quasi-random 
distribution and suboptimal geometric coil configurations achieved by the coil 
mass within the aneurysm [127], 
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9.2 Bare Platinum Coils 

The GDC coil was the first endovascular device to get FDA approval for the 
treatment of an intracranial vascular pathology. It was a bare two dimensional 
platinum-alloy microcoil soldered to the ends of a stainless steel guidewire which 
electrolytically detached by the passage of DC current. The fundamental advan- 
tage of this coil type was the ability to introduce, reposition and evaluate the coil 
before detachment. However, these early prototypes suffered from multiple issues 
like premature detachment, detachment failure, coil stretching, fracture and pro- 
lapse into the vessel lumen. Also, occasionally the coil may become engaged with 
other indwelling coils and the resulting friction during detachment may result in 
proximal stretching and unraveling of the coil near the detachment site which may 
herniate into the vessel lumen [33]. The wire coil junction was subsequently 
reengineered to allow for a more rapid and consistent detachment. Subsequently, 
the coil technology has evolved by leaps and bounds with the emergence of 
anatomically more conformable 2D and 3D designs, stretch resistance and varying 
softness grades allowing for precise obliteration of the aneurysmal sac [3]. 



9.3 Coated Coil Technology 

Platinum is a biologically inert material and illicits a limited inflammatory 
response when deployed in an aneurysm. Bioactive coil technology shifted the 
interest from pure mechanical aspects of endovascular devices to a biologically 
integrated approach in which the embolic agent is a tool to deliver active mole- 
cules or living cells to augment the biological healing of aneurysms. In this effort 
to accelerate the biological response within the aneurysmal sac, platinum coils 
were coated with collagen with the hypothesis that its addition would provide a 
substrate for the ingrowth of fibroblasts [23]. Also, direct endovascular delivery of 
the fibroblasts and recombinant human vascular endothelial growth factor into the 
aneurysmal lumen by the use of platinum coils as delivery vehicles was explored 
in preclinical aneurysm models [82]. 

The first commercially available bioactive coil. Matrix (Stryker Neurovascular, 
Fremont CA) was developed by coating a hydrolysable copolymer (90% poly- 
glycolide, 10% polylactide: PGLA) over the platinum core. The hypothesis is that 
the copolymer may induce a mild inflammatory reaction accelerating the smooth 
muscle cell migration, leading to enhanced thrombus organization and scar 
retraction within the aneurysm lumen [68, 92, 93]. Another novel coil design of the 
Cerecyte (Codman & Shurtleff, Raynham, MA) incorporates PGA in the core of 
the platinum wind, which allows the bioactive polymer to be delivered while 
simultaneously achieving high packing densities. 

However, the clinical experience with the Matrix coil has been disappointing 
with increased rates of recanalization in comparison to bare platinum coils [34, 98]. 
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Also, of increased concern is its higiier thromboembolic complication rate as 
compared to the GDC microcoils [144]. The poor outcomes with these bioactive 
coils have been attributed to the sub optimal packing achieved due to the increased 
friction induced by the PGLA exterior during coil placement, resulting in com- 
partmentalization and aneurysm recanalization [30]. 

The Cerecyte Coil Trial (CCT) a multicenter, randomized, prospective clinical 
trial, 500 patients with ruptured and unruptured aneurysms designed to compare 
the Cerecyte to the bare platinum coils concluded recently. The trial recruited 500 
patients with ruptured and unruptured aneurysms. The results announced recently 
at the 48th Annual American Society of Neuroradiology 2010 meeting in Boston 
showed that there was no statistical difference between the clinical outcomes and 
angiographic occlusion rates between the Cerecyte and the bare platinum coils. 
However, both coils combined revealed a 97% freedom from disability and 
dependence and an 86% investigator-reported angiographic occlusion rate at six 
months, demonstrating the remarkable safety profile of endovascular occlusion. 

The HydroCoil Embolic System (Hydrogel, Microvention- Terumo, Tustin CA) 
features a platinum metallic core impregnated with an expandable polymeric gel 
composed of cross-linked acrylamide/sodium acrylate that absorbs water by dif- 
fusion in an optimal acid-base environment of whole blood, which results in a 
controlled volumetric expansion after an initial five minutes latency to allow for 
coil repositioning. In theory, this system should offer a tighter packing owing to 
the void-seeking properties of the hydrogel. The HydroCoil Endovascular 
Aneurysm Occlusion and Packing Study (HELPS) is a prospective randomized 
trial of HydroCoil versus the bare platinum microcoils in the endovascular treat- 
ment of lA. The periprocedural data reveal that the Hydrocoil has a safety profile 
equivalent to that of bare platinum [163]. The follow up data from the HELPS trial 
was presented at the Society of Neurointerventional Surgery (SNIS) 7th annual 
meeting in Carlsbad, California 2010. Primary poor outcome measured by the 
aneurysm remnant, recurrence and morbidity/mortality precluding angiographic 
follow up was lower for the Hydrocoil arm (28%) in comparison to the control 
(36%). Hyrocoil demonstrated a lower retreatment rate (2.9 versus 3.6%) but a 
higher risk of hydrocephalus (4.5 versus 0.9%) in comparison to the control; 
although there was no statistical difference between the arms. 



9.4 Coil Assist Technologies 

Durable occlusion of unfavorable aneurysmal morphology like a wide neck 
(>4 mm) and unfavorable dome to neck ratio (<2) remains challenging with 
conventional endovascular coiling alone. The migration and herniation of the coil 
mass from the aneurysmal sac into the arterial lumen can result in thromboembolic 
complications. To address this concern and to augment the packing density, a 
spectrum of ancillary techniques like balloon remodeling and stent-assisted coiling 
aimed to augment the packing density has emerged. 
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Fig. 7 A 49-year-old female with an incidental finding of a wide-neck left superior hypophyseal 
artery aneurysm (arrow in a, 3D angiogram in a frontal oblique projection). A compliant balloon 
is navigated into the left internal carotid artery in the working projection (b, frontal oblique) and 
inflated as the first coil is inserted into the aneurysm. Subsequently, the balloon is used to support 
the insertion of multiple coils into the aneurysm sac (c, frontal oblique) and immediate post- 
embolization angiography (d, frontal oblique) demonstrates excellent occlusion of the aneurysm 
with preservation of the parent artery. The 12-month follow up angiography (e, frontal oblique) 
shows complete exclusion of the aneurysm from the circulation with preservation of the left 
internal carotid artery 



9.4.1 Balloon Remodeling 



Balloon remodeling is a technique in which a temporary non-detachable balloon is 
inflated occluding the aneurysmal neck and parent artery during coil deployment 
[90] (Fig. 7). In one of the preliminary descriptions of this technique, 94% of 56 
aneurysms were completely or partially occluded, with one thromboembolic 
complication and no deaths. This procedure gained wide acceptance in the inter- 
ventional community. Another multicenter study achieved similar success using 
this technique and determined that the occlusion rate in this subset of aneurysms 
depended solely on the aneurysmal sac diameter and not on the neck width or 
dome to neck ratio [22]. The critiques of this adjunctive technique question its 
safety profile, and argue that it exposes the patient to an accentuated periproce- 
dural risk of thromboembolic complications (9.8 versus 2.2%) and vessel rupture 
(4 versus 0.8%) in comparison to coil embolization alone [134]. They also reported 
a statistically significant increase in death and dependency with balloon assisted 
coiling in comparison to unassisted coiling [134, 149]. Using diffusion 
weighted MR imaging to assess the thromboembolic events, 79% of the balloon 
assisted coiling procedures demonstrated hyperintensities in comparison to 49% 
of the unassisted procedures, though predominantly the lesions were clinically 
silent [135]. However, a recent extensive literature review and meta analysis has 
failed to appreciate a statistically significant difference in thromboembolic events 
between balloon assisted coiling and coiling alone [131]. 

Using a more pragmatic approach, routine balloon embolization for uncom- 
plicated aneurysms may help enhance the packing density. It may also be used as a 
rescue technique to push the coils herniating into the parent vessel lumen into the 
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aneurysm sac or control aneurysm bleeding in the event tiiat the aneurysm is 
perforated during coil embolization. 



9.4.2 Stent Assisted Coil Embolization 

Stent assisted coil embolization has revolutionized the treatment of wide necked 
and fusiform aneurysms. Conceptually, the stent mediated vascular reconstruction 
operates through many theoretical and technical mechanisms. Firstly, the protec- 
tive mesh around the aneurysm neck allows for a more aggressive coil deployment 
while minimizing the risk of coil herniation and compromise to the parent vessel. 
Secondly, it can result in hemodynamic uncoupling of blood flow in the aneurysm- 
parent vessel complex, increasing particle residence times in the aneurysm that 
facilitate aneurysmal thrombosis [154]. It minimizes the impinging blood flow 
responsible for coil compaction and the shear stress on the untreated aneurysm 
wall. Lastly, it acts as a scaffold for endothelial growth for reconstruction of the 
parent vessel [32]. 

A stent is an extremely versatile device and allows for various ingenious 
strategies for remodeling intracranial vasculature. The advancements in the cor- 
onary stent delivery systems propelled experimentation with their deployment in 
the tortuous cerebrovasculature to treat intracranial vascular disease, achieving 
excellent results [78, 155]. These devices, however, lacked flexibility, possessed a 
larger profile and were deployed with balloon expansion which limited their use to 
the proximal aneurysms of the internal carotid and vertebrobasilar systems [69]. 

These limitations were overcome by the development of extremely versatile 
self expanding neurovascular stent technology, with better deliverability and ease 
of use and a lower tendency for vessel rupture and luminal damage during 
deployment [47]. They incorporate the fundamental mechanical properties of 
shape memory and superelasticity of the Nickel-Titanium alloy (Nitinol). They are 
manufactured to a size slightly larger than the target vessel size and constrained in 
a retractable sheath. At the treatment site, it is released from the delivery system 
and expands to conform to the vessel wall [140]. The two laser cut Nitinol stents 
available for stent assisted coil embolization are the open cell Neuroform (Stryker 
Neurovascular, Fremont, CA) and the closed cell Enterprise Vascular Recon- 
struction Device and Delivery System (Codman Neurovascular, Raynham MA) 
(Fig. 8a, b). 

The Neuroform was approved for limited use by the United States FDA to treat 
wide necked (>4 mm or a dome to neck ratio < 2) lA. Although the featured open 
cell design provides stent apposition to the vessel wall in curves, the stent delivery 
and deployment through the microcatheter remained challenging. Once deployed it 
is impossible to reposition the stent. One concern with this device is the propensity 
of the stent struts to open and prolapse into the side branches or the aneurysm, 
especially around the vascular bends [7]. Subsequent structural revisions of mi- 
crocatheter delivery system and fusing some of the stent struts of the newer 
generation Neuroform 2 and 3 addressed these concerns. The open cell design does 
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Fig. 8 Intracranial nitinol 
self-expanding stents used for 
endovascular treatment of 
aneurysm in conjunction with 
coil embolization, a Closed 
cell design with flaring ends 
(Enterprise VRD; Codman 
Neurovascular, Raynham, 
MA), b Semiopen cell design 
(Neuroform; Stryker 
Neurovascular, Fremont, 
CA). c Braided Nitinol flow 
diverter with sinusoidal 
radiopaque wires for precise 
visualization (Silk stent; Bait 
Extrusion, Montmorency, 
France) 




not allow for stent resheathing and repositioning in the event of a suboptimal 
deployment. The closed cell design of the Enterprise stent overcomes some of 
these shortcomings of the open cell design and allows for the partial deployment 
up to 70% of its length and to be reconstrained and recaptured if the initial 
deployment is not precise. It also reduces the tendency of coil protrusion through 
the stent interstices [47]. 

Another stent with a closed cell self expanding braided stent design approved for 
the treatment of wide necked post carotid siphon aneurysms in Europe is the Leo 
stent (Bait, Montmorency, France). It consists of a body with braided nitinol wires 
and two radio opaque markers which ensure the visibility of the entire diameter and 
length of the stent. Its novel braided design confers it a high radial force and 
homogenous wall coverage even at acute curves which reduces the possibility of 
stent displacement after deployment. Its innovative distal hook allows for reposi- 
tioning and resheathing of the stent when it is as much as 90% deployed [108]. 

A recent single center experience in 107 wide necked aneurysms treated with 
the Neuroform stent assisted coiling revealed a procedure related morbidity and 
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mortality of 5.6 and 0.9%, respectively. A favorable clinical outcome was 
achieved in 90.7% patients after a mean of 47 months [72]. The mean recanali- 
zation rate at 37 months was 13.7%. Another multicenter study of 142 wide 
necked aneurysms treated with the Enterprise stent reported 2.8% morbidity and 
2% mortality [85]. Follow-up data from the study are awaited. 

For a planned stent assisted coiling dual antiplatelet regimen needs to be ideally 
initiated three days prior to intervention and continued post procedure for at least 
6 weeks and up to 6 months. One study observed up to a 50% prevelance of 
Clopidogrel resistance and low responders among patients receiving cerebrovas- 
cular stents [107]. It is suggested that antiplatelet-agent resistance be investigated 
before elective intracranial endovascular procedures to reduce peri-procedural in- 
stent thrombosis or delayed in-stent lumen reduction due to thrombus formation 
[83]. 

The inherent thrombogenic nature of the nitinol stent is a proverbial double 
edged sword. In the setting of an unruptured aneurysm the neutralization of the 
platelet function may be of little consequence. Conversely, in the context of acute 
SAH, this requirement may be catastrophic resulting in hemorrhagic complications 
requiring a ventriculoperitoneal shunt and an EVD placement. Reversal of the 
antiplatelet regimen may result in minimizing the hemorrhagic complications but 
has the potential to result in thomboembolic complications [26, 146]. A multi- 
center, nonrandomized study in Finland reported their experience in using stent 
assisted coiling in 61 patients with ruptured aneurysms. The technical success rate 
was 72% and complications related to stent assisted coiling occurred in 21%. 
The majority of complications were as a result of thromboembolism [142]. 



9.5 Follow-up Angiography 

Even though the procedural complication rate is lower for endosaccular emboli- 
zation, the initial clinical benefit may be offset by high rates of incomplete 
aneurysmal obliteration and late reoccurrences. The conformation of the coil mass 
and the flow within the aneurysm is dynamic. Post treatment stasis of blood flow 
may result in its thrombosis and exclusion from the circulation. Conversely, the 
impinging blood flow may result in coil compaction and recanalization, which has 
the potential to result in aneurysm regrowth and rupture. Significant factors 
determining the likelihood of aneurysm recanalization/coil compaction are aneu- 
rysm size, initial post-embolization angiographic outcome and packing density 
[62, 133]. This underscores the necessity for follow-up angiography post treat- 
ment. It also provides an opportunity to seek and assess for a change in other 
occult aneurysms, since these have an increased predilection to arise de novo and 
coexist in patients with a previously diagnosed SAH [169]. 

Long-term imaging follow-up of aneurysms treated primarily by coiling reveals 
that many first-time recanalizations requiring retreatment are detected at 6 months 
post angiography [129, 137]. In clinical practice this translates to an angiographic 
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workup at 6 months [148]. Most centers perform an intra-arterial DSA for this 
initial assessment. Subsequent course of action depends on the aneurysm 
appearance. An incomplete occlusion may warrant retreatment and a more fre- 
quent follow-up. MR angiography is increasingly been advocated for the long term 
surveillance of these patients since it offers a non invasive and a safer alternative 
[130]. In our experience, non-dissecting aneurysms are surveiled by DSA at 
6 months and 1 year. If the aneurysm is completely occluded after one year a third 
DSA is recommended at 3 years post-coiling. If there is a small aneurysm remnant 
or any changes to the coil mass, we choose to surveil the aneurysm annually with 
DSA. In the case of dissecting aneurysms, an earlier DSA is performed at 
3-months post coiling due to the propensity of the dissection to expand. 



9.5.1 Flow Divertors 

The vast experience with the use of self-expanding intracranial stents in recon- 
structing the parent vessel has shown that they serve as an endoluminal buttress 
impeding the transfer of the flow momentum into the aneurysm by flow diversion 
into the parent artery. The porosity of the device and the pore density determine 
the resistance offered to the blood flow through the stent interstices, which pre- 
vents the recirculation of flow into the aneurysm resulting in flow stasis, throm- 
bosis and its exclusion from the circulation [73, 74]. However sacrificing the 
porosity of the device increases its stiffness limiting its maneuverability and risk 
the patency of the side branches and perforators [128]. 

The existing intracranial self expanding stents possess limited metal surface 
area coverage of 6.5-9%. The Pipeline embolization device (Covedian, Mansfield, 
MA) is a flexible, self expanding microcatheter delivered flow diversion device 
engineered exclusively for the treatment of intracranial aneurysms. The cylindrical 
mesh device is composed of 48 individual cobalt-chromium and platinum strands 
having 30-35% metal surface area coverage when fully deployed [35]. Initial 
experience with the device in treating wide necked, large and giant aneurysms has 
shown promising results establishing its safety and durability with a 12 month 
angiographic occlusion rate of close to a 95% [79]. The device recently received 
pre-market approval from the U.S. FDA for the endovascular treatment of the large 
or giant wide-necked intracranial aneurysms in the internal carotid artery from the 
petrous to the superior hypophyseal segments. Another device in clinical use is the 
Silk stent (Bait Extrusion, Montmorency, France) (Fig. 8c), which is a 48 wire 
braided Nitinol stent. Once deployed, a sinusoidal radiopaque wire throughout the 
device assists in the precise visualization of this stent. Pre procedural treatment 
and continuation of an antiplatelet regimen similar to that required for intracranial 
stents is essential to prevent thromboembolic complications. Primary endovascular 
reconstruction of the parent vessel represents a paradigm shift from the 
conventional endosaccular occlusion approach. As a standalone therapy 
the deployment of flow diverters considerably simplifies the entire procedure. 
Since the aneurysm sac does not require to be embolized, the risk of 
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intraprocedural perforation is also reduced. In a retrospective analysis of 12 
patients with basilar artery aneurysm treated with the Silk flow diverter, one 
patient experienced an intraprocedural acute basilar thrombosis treated success- 
fully with locally glycoprotein Ilb/IIIa antagonist delivery. During a mean follow 
up of 16 weeks, 3 patients experienced a symptomatic neurological event. On 
short term follow up; 7 complete occlusions, 3 neck remnants and 2 patent 
aneurysms were observed [67]. The early results with these devices are encour- 
aging, but long term data are needed to assess the thromboembolic occlusion, 
aneurysm recurrence rates, bleeding risk and the intimal reaction. 



9.6 Liquid Embolic Agents 

Another concept in aneurysmal obliteration involves the embolic injection of 
polymers into the aneurysm sac. The liquid embolics can precisely conform to the 
complex aneurysmal shapes and exclude it from the circulation, thus minimizing 
the risks of recanalization requiring retreatment (Fig. 9). There is significant 
potential of this technique in treating wide necked and giant aneurysms, since coil 
embolization achieves unsatisfactorily low packing densities, coil compaction and 
higher rates of aneurysmal recurrence in this subgroup. Although the experience 
with these agents in treating arteriovenous malformations is extensive, their use in 
cerebrovascular aneurysmal treatment is challenging due to concerns regarding 
reflux, distal embolization from polymer fragments and perforator and parent 
vessel occlusion. 

The translation of this concept to the angiography suite for aneurysm treatment 
came with the development of Onyx (eV3 Covidien Vascular Therapies, Mans- 
field, MA), a liquid embolic agent composed of ethylene-vinyl-alcohol (EVOH) 
biocompatible polymer and dimethyl sulfoxide (DMSO) solvent with micronized 
tantalum for radiographic attenuation used in conjunction with a highly compliant 
DMSO-compatible occlusion balloon to maintain parent vessel patency. 

Cerebral Aneurysm Multicenter European Onyx (CAMEO) trial, a prospective 
study conducted at 20 European centers reported their experience of 97 patients with 
100 aneurysms [87]. At 12 months complete or subtotal aneurysmal occlusion was 
present in 92% of the patients. Delayed parent artery occlusion was observed in 9 
patients, 5 of which were asymptomatic. Procedure or device related permanent 
neurological morbidity was observed in 8 of the 97 patients; 2 procedural and 1 
disease related death. Another single center reported their experience of treating 22 
large/giant wide necked ICA aneurysms treated with Onyx. At a mean of 13 months 
follow up, 17 (91%) aneurysms demonstrated total occlusion with 2 recanalizations. 
Parent vessel stenosis or an occlusion was observed in 16% of the patients [158]. 
Recent report of a large single center experience with 84 wide neck aneurysms 
(50 small, 30 large, 4 giant) revealed similar occlusion rates at 18 months follow 
up. 4.6% of the aneurysms recanalized (1 small, 2 large) with 3.3% requiring 
retreatment. Procedural mortality was 2.3% and overall morbidity 7.2% [105]. 
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Fig. 9 A 62 year-old female presented with speech difficulty and right-sided weakness. A non- 
contrast head CT (a) reveals a large left fronto-temporal hematoma and acute subarachnoid 
hemorrhage (arrow). DSA (arrow in b, lateral) and selective microcatheterization and 
angiography c demonstrates a small mycotic aneurysm arising from the frontal branch of the 
anterior division of the left middle cerebral artery. A liquid embolic agent (n-butyl-2- 
cyanoacrylate) was injected through the microcatheter (glue cast shown in d, arrow) thereby 
occluding the aneurysm (DSA, e Follow-up angiography at 6-months f shows complete 
obliteration of the aneurysm and the recruitment of leptomeningeal anastomoses to the territory 
of the occluded branch 



10 Complications 

10.1 Aneurysm Rerupture 



Intraprocedural aneurysm rupture of a previously ruptured aneurysm occurs in 5% 
of the endovascularly treated and 19% of the surgically treated aneurysms and is 
associated with greater periprocedural risk of death and disability [29]. In the 
cerebral aneurysm rerupture after treatment (CARAT) study, 1,000 patients treated 
with coil embolization or surgical clipping at high volume centers in the United 
States were followed for a mean of four years, it was concluded that both surgical 
clipping and endovascular coil embolization were extremely effective in reducing 
the risk of late rerupture, with annual hemorrhage rates of 0. 1 1 % per year for coil 
embolization, including those requiring retreatment and no late re-ruptures among 
those treated with surgical clipping [114]. Further interrogation of the data 
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revealed that incomplete aneurysm occlusion was a strong predictor of rerupture 
risk [58]. This underscores the importance of the long term imaging followup of 
the endovascularly treated aneurysms. 



10.2 Cerebral Vasospasm 

The delayed narrowing of the large vessels at the base of the brain is thought to 
occur due to the spasmogenic substances in the lysed blood. Vasospasm affects 
60-70% of the patients post SAH, half of which will experience ischemic 
symptoms [56]. Typically, it manifests between the third and the seventh day post 
hemorrhage as a decline in neurological status and/or a focal ischemic deficit [36]. 
The vasospasm may be monitored noninvasively at the bedside using transcranial 
Doppler ultrasonography (TCD) [132]. The sensitivity of TCD for the diagnosis of 
symptomatic vasospasm and subsequent cerebral infarction on CT scans varies 
from 70-80% [111, 170]. CT Angiography is extremely useful in situations where 
the clinical presentation is discordant with the TCD findings or if endovascular 
therapy is being contemplated. CT perfusion also has a role in determining severe 
vasospasm, with absolute cerebral blood flow values of less than 25 ml/100 g/min 
and relative mean transit times greater than 6.5 s associated with high risk of 
delayed ischemic deficits [141]. Hyperdynamic therapy which involves hemodi- 
lution, induced hypertension and hypervolemia is the mainstay for the prevention 
and treatment of the cerebral vasospasm after securing the ruptured aneurysm [91]. 
The underlying principle is to improve cerebral perfusion by raising the mean 
arterial pressure and overcome the increased vascular resistance imposed by the 
vasospasm. In situations where the aneurysm remains refractory to this hemody- 
namic augementation therapy, endovascular therapy like trasluminal balloon 
angioplasty and supraselective intra-arterial vasodilator administration is con- 
templated [9, 14]. 



10.3 Hydrocephalus 

Hydrocephalus is a common complication post sub-arachanoid hemorrhage 
afflicting 20% of the patients. Obstruction of cerebrospinal fluid (CSF) flow by 
blood products or adhesions, or by a reduction of CSF absorption at the arachnoid 
granulations is thought to be responsible [43]. Since its presentation can be con- 
founded by the neurological deterioration, its recognition is based primarily on 
radiographic findings. Ventriculostomy drain placement offers clinical benefit in 
patients with diminished level of consciousness [6]. Need for permanent CSF 
diversion needs assessment and may be required in 18-26% of the survivors [6]. 
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10.4 Seizures 

Routine prophylactic antieplileptic therapy has not proven to offer much thera- 
peutic benefit. The indications for anticonvulsant therapy are a clinically or 
electrographically documented seizure [6, 111]. Phenytoin has been associated 
with an adverse clinical outcome post SAH and should be avoided [96]. 



10.5 Hyponatremia 

Another complication to anticipate and aggressively correct is hyponatremia which 
is thought to occur due to excessive natriuresis and volume contraction mediated 
by an inappropriate secretion of antidiuretic hormone. 



10.6 Thromboembolism 

Intraprocedural thromboembolism may occur in response to intraluminal inser- 
tion and manipulation by thrombogenic devices like catheters, guidewires, 
implantation of stents and coils, endothelial denudation and intraneurysmal clot 
dislodgement. Subacute and delayed thromboembolism may occur due to dis- 
continuation of antiplatelet therapy post stent implantation or coil prolapse into 
the parent vessel lumen [31]. Intraprocedural therapy with heparin should be 
initiated after baseline activated clotting time (ACT) measurement during 
intraluminal treatment of unruptured aneurysms [109]. When treating aneurysmal 
SAH, heparin therapy should be started after placement of the first coil. 
This diminishes the potential for a devastating bleed if the coil penetrates 
through the rupture site [115]. Intraprocedural ACT is measured subsequently 
and the heparin dose titrated to a target ACT of 250 s. Despite these measures 
thromboembolic complications occur with a frequency of 2.4-5.2% [31]. 
Recently, selective abciximab administration as rescue therapy during intrapro- 
cedural thrombus formation has demonstrated promising results without 
increasing the additional risk of intracranial hemorrhage or extracranial bleeding 
[121]. Intraoperative intravenous acetyl salicylic acid during the endovascular 
embolization of unruptured aneurysms and ruptured aneurysms is routinely 
administered in Europe and has demonstrated a significant reduction in the 
rate of thromboembolic events without increasing the rate and severity of 
intraoperative bleeding [120]. 
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11 Future Perspectives 

While the advancements in the treatment of this intracranial vascular anomaly 
continue to transform the natural history of the disease, there is an increased 
interest in being able to predict the risk of an aneurysm to rupture. Intramural 
aneurysm wall inflammation has been correlated with ruptured aneurysms [41]. 
Preliminary research has demonstrated the ability to image noninvasively 
molecular markers for intraneurysmal inflammation [24] . Future advancements of 
these techniques may lead to quantitative assays to identify patients at risk of 
rupture in unruptured aneurysms. Also, another intriguing idea is to halt pro- 
gressive lA wall degeneration through systemic antiinflammatory drug treatments 
targeting the chemotactic and proinflammatory signaling to decrease the macro- 
phage infiltration of the aneurysmal wall [145]. A better understanding of the 
aneurysmal biology is essential to conceive and design strategies to control the 
development of these lesions before their rupture. 
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Modelling Cerebral Aneurysm Evolution 

Paul N. Watton, Yiannis Ventikos and Gerhard A. Holzapfel 



Abstract We present a fluid-solid-growth model for the evolution of a saccular 
cerebral aneurysm on the internal carotid sinus artery. The model utilises a realistic 
constitutive model of the arterial wall that accounts for the structural arrangement of 
collagen fibres in the medial and adventitial layers, the natural reference configu- 
rations in which the collagen fibres are recruited to load bearing and the mass of the 
elastin and collagenous constituents. The structural model is integrated into a 
patient-specific geometry of the internal carotid artery. This enables growth and 
remodelling (G&R) of the aneurysmal section to be explicitly linked to physio- 
logically realistic haemodynamic stimuli. In addition, a quasi-static approach is used 
to obtain the geometry of the aneurysmal section at systolic and diastolic pressures, 
enabling G&R to be explicitly linked to the magnitude of the cyclic stretches. To our 
knowledge, this is the first patient-specific model of cerebral aneurysm evolution 
that incorporates a realistic constitutive model of the arterial wall and explicitly 
links G&R to the pulsatile mechanical environment. It will provide the basis for 
further investigating and elucidating the aetiology of the disease. 
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1 Introduction 

Intracranial aneurysms (ICAs) are a focal disease of the brain vasculature. They 
appear as sac-like outpouchings of the arterial wall, and are inflated by the pressure 
of the blood that fills them. They are relatively common and affect 2-5% of the 
adult population. Their precise cause is still not known, but it is associated with 
elevated blood pressure, complex blood flow conditions [1^], cigarette smoking, 
heavy alcohol consumption and genetic factors [5]. Fortunately, most remain 
asymptomatic. However, there is a small but inherent risk of rupture: 0.1-1% of 
detected aneurysms rupture every year [6]. If subarachnoid haemorrhage does 
occur there is a 30-50% chance of fatality. Of those that survive, an estimated 30% 
will face moderate to severe disability [7]. Consequently, if an aneurysm is 
detected, clinical intervention may be deemed appropriate. Therapy is currently 
aimed at pre-rupture detection and preventative treatment. However, interventional 
procedures, i.e., minimally invasive endovascular approaches or more traditional 
open cranium neurosurgery, are not without risk to the patient; interventional 
repair of an unruptured aneurysm has related mortality and morbidity rates of up to 
2.5 and 6%, respectively [8]. 

Relatively recent developments in imaging technology have led to new 
healthcare policies in terms of application of medical imaging modalities. This 
trend has led to a dramatic increase in coincidentally detected asymptomatic 
cerebral aneurysms. Moreover, there has been an increase in the number of cases 
where intervention is deemed necessary, in spite of the lack of robustly founded 
rupture risk indicators. The improvement and optimisation of interventional 
techniques is an important concern for patient welfare. Moreover, it is necessary 
for rationalisation of healthcare priorities. Hence there is a need to develop 
methodologies to assist in identifying those ICAs most at risk of rupture. 
Biomechanics has an essential role to play in this respect. It offers the potential 
for computational tools to assist clinical diagnostic procedures. To date, ICA 
modelling has focused on: conceptual structural models of cerebral aneurysms which 
use idealised geometries (spheres, spherical caps) [9-15]; numerous computational 
fluid dynamic studies that utilise patient-specific geometries [16-35] but relatively 
few structural analyses for patient-specific geometries [36-38] ; lastly, in recent years 
there has been a focus on modelling the evolution of an ICA [3, 39-57]. 

In this article, we focus on the mathematical modelling and computational 
simulation of ICA evolution. Models must take into consideration: (1) the bio- 
mechanics of the arterial wall; (2) the biology of the arterial wall and (3) the 
complex interplay between (1) and (2), i.e., the mechanobiology of the arterial 
wall. The ultimate ambition of such models is to aid clinical diagnosis on a patient- 
specific basis. However, due to the significant biological complexity coupled with 
limited histological information such models are still in their relative infancy. 
Current research focuses on simulating the evolution of an ICA with an aim to 
yield insight into the growth and remodelling (G&R) processes that give rise to 
inception, enlargement, stabilisation and rupture. 
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2 Mathematical/Computational Modelling of Cerebral 
Aneurysm Evolution 

The physiological mechanisms that give rise to the development of an ICA involve 
the complex interplay between the local mechanical forces acting on the arterial 
wall and the biological processes occurring at the cellular level. To understand 
ICA formation we must solidify our understanding of the physiological mecha- 
nisms that regulate the maintenance and G&R of arterial tissue in healthy and 
diseased states. 

The structure of the artery is continually maintained by cells within the arterial 
wall. The morphology and functionality of vascular cells is intimately linked to 
their mechanical environment. Haemodynamic forces give rise to: cyclic stretch- 
ing of the extra-cellular matrix (ECM); frictional forces acting on the endothelial 
layer of the arterial wall; a normal hydrostatic pressure and interstitial fluid forces 
due to movement of the fluid through the ECM. Mechanosensors convert the 
mechanical stimuli into chemical signals which lead to activation of genes that 
regulate cell functionality. 

Development of an ICA is associated with apoptosis of the medial smooth 
muscle cells [58-60], disruptured internal elastic laminae, the breakage and 
elimination of the elastin fibres within the aneurysmal wall [61-64], a thinned 
medial layer and G&R of the collagen fabric. The site of origin is strongly related 
to hemodynamic wall shear stress (WSS) [58]. In fact, it is postulated that high 
WSS is related to the initiation of ICA formation [65-68]. It is also suggested that 
high spatial gradients of the WSS may lead to destructive remodelling [69, 70]. 
However, whilst high WSS is associated with the inception of a cerebral aneurysm, 
low WSS is thought to give rise to its continued enlargement [71]. 

The first requirement to modelling the evolution of an aneurysm is to be able to 
model the healthy arterial wall. Given that the arterial wall is a highly complex 
integrated structure [72] open challenges still remain. However, in recent years, 
sophisticated theoretical models that depict the mechanical response of the arterial 
tissue have been developed [73, 74]. These account for the mechanical response of 
the individual layers of the arterial wall and model each as a fibre-reinforced 
composite. The (passive) mechanical response is governed by the elastinous and 
collagenous constituents (for a comprehensive review on the constitutive model- 
ling of arteries [75]). Elastin is a relatively stable protein with a long half-life 
(approximately 50 years) whereas collagen has much faster turnover rates, i.e., 
two months [76, 77]. Consequently, understanding the G&R of the collagen is 
critical to predict arterial adaption during ICA formation. 

In recent years, mathematical models of ICA evolution have been receiving 
much greater attention. Such models generally owe their foundations to a simple 
conceptual model proposed by Humphrey [78] which considered remodelling of a 
collagenous tissue at (altered) fixed length. In this model it was assumed that: 
collagen fibres are in a continual state of deposition and degradation; newly 
deposited collagen fibres configure with an attachment stretch i^j, equal to unity. 
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In fact, fibroblasts work on the collagen they have secreted, acting to attach the 
collagen fibres to the extra-cellular matrix in a state of stretch [79]. Hence in 
subsequent studies it has been assumed that the attachment stretch X^j > 1 and the 
model has been applied to consider the adaption of arteries (maintaining cylin- 
drical geometries) during altered flow, pressure, axial stretch [80-88] and the 
evolution of fusiform cerebral aneurysms [41, 42]. 

Kroon and Holzapfel were the first to model the evolution of axisymmetric [43] 
and saccular [44] ICA of the middle cerebral artery. The methodology has been 
applied to examine the influence of axial pre-stretch on aneurysm evolution [46] 
and the G&R framework extended to consider the effect of cyclic stretch on the 
adaption of the collagen fabric [47]. The theoretical framework for the remodelling 
of collagen is similar to that of [41]: both methodologies compute new natural 
reference configurations for newly deposited collagen fibres each computational 
time-step. However, a subtle difference is that Kroon & Holzapfel [43] assume a 
lifetime for the collagen fibres, consequently the maximum number of reference 
configurations to keep track of is bounded, whereas Baek et al. [41] assume a half- 
life for the collagen fibres and thus the number of reference configurations 
increases linearly with the number of time steps of a computational simulation. 

One limitation of the above mentioned ICA evolution models is that whilst they 
simulated the structural adaption of the tissue, they did not relate this to the 
evolving haemodynamic environment. Feng et al. [39] appear to be the first to 
explicitly couple changes in mechanical parameters to haemodynamic stimuli to 
simulate evolution. However, they adopt simple linear elastic models of the 
arterial wall and do not explicitly model the G&R of the individual constituents 
[45, 49]. Consequently, the models offer little insight into the G&R of arterial 
tissue during the evolution of an aneurysm. Humphrey & Taylor [89] emphasised 
the need for a new class of Fluid-Solid-Growth models to study ICA evolution and 
propose the terminology FSG models. These combine computations of complex 
fluid-solid interactions during a cardiac cycle with detailed analyses of the solid 
mechanics of the vascular wall and descriptions of the kinetics of biological G&R. 
The approach has been applied to model the evolution of an axisymmetric ICA on 
a cylindrical section of an artery, linking G&R to haemodynamic stimuli [48]. 

Watton et al. [90] proposed the first mathematical model of aneurysm evolution 
and applied it to consider the evolution of abdominal aortic aneurysms (AAA). 
This model utilises a realistic structural model for the arterial wall [73] which is 
adapted to incorporate mesoscopic variables which relate to the concentration of 
the elastinous and collagenous constituents and the reference configuration in 
which the collagenous constituents are recruited to load bearing. The key 
hypotheses of the model are: (1) collagen fibres are in a continual state of depo- 
sition and degradation; (2) fibres attach to the ECM in a state of stretch, denoted 
the attachment stretch, X'jj.. The implication of these assumptions is that the 
collagen fabric is effectively continually remodelling to maintain its stretch 
to a homeostatic value, i.e., X^j, in the physiological (loaded) configuration. 
To simulate this behaviour, differential equations are employed to evolve the 
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recruitment configurations (reference configurations that collagen fibres are 
recruited to load bearing) and concentration of collagen fibres to maintain the 
stretch of the collagen (in the systolic configuration) towards equilibrium levels as 
the aneurysm enlarges. This approach enables the G&R of the arterial micro- 
structure during aneurysm development to be simulated. An advantage of this 
approach to that of, for example, [41, 43] is that it is not computationally 
expensive, i.e., the number of reference configurations to keep track of is fixed and 
does not increase with the number of computational time-steps of a simulation. 
It captures the gross effect of fibre deposition and degradation in altered configu- 
rations, i.e., evolving the configuration in which the collagen fabric begins to bear 
load, with lower theoretical and computational expense. It is relatively straight- 
forward to implement into finite element formulations and could easily be applied to 
more complex geometries, for example, modelling evolution of patient-specific 
aneurysm geometries, or extended to a thick-walled G&R formulation [55, 91]. The 
model predicts evolution of AAA mechanical parameters consistent with clinical 
observations [92]. The G&R framework has subsequently been applied to consider 
conceptual ID models of ICA evolution, i.e., enlarging (and stabilising) cylindrical 
and spherical membranes [52] and the evolution of saccular ICAs of the internal 
carotid artery [53]. The model has been integrated into a novel FSG framework to 
couple the G&R of aneurysmal tissue to local haemodynamic stimuli, for example, 
WSS and spatial WSS gradients [54]. Assuming that degradation of elastinous 
constistuents is driven by low WSS, the FSG model can simulate the evolution of 
sidewall saccular aneurysms of the internal carotid artery that stabilise in size [56]. 
However, these FSG models [54, 56] idealise the geometry of the parent artery to be 
a cylindrical tube. Consequently, the evolving haemodynamics within the aneu- 
rysmal region are, in general, not physiologically realistic. To overcome this limi- 
tation, we have recently extended our FSG modelling framework to integrate the 
structural model of the evolving aneurysm within a realistic physiological geometry 
(see Ref. [93] for methodology). In the following two sections, we summarise our 
computational framework for modelling ICA evolution (Sect. 3) and illustrate the 
evolution of an ICA on physiological vasculature in Sect. 4 



3 Patient-Specific Fluid-Solid-Growth IVIodel for Aneurysm 
Evolution 

In this section, we describe our FSG computational framework for modelling ICA 
evolution. Figure 1 depicts the methodology. The computational modelling cycle 
begins with a structural analysis of the aneurysm to solve the equilibrium defor- 
mation fields for given pressure and boundary conditions. The structural analysis 
quantifies the stress and stretch, and the cyclic deformation, of the ECM com- 
ponents and the cells (each of which may have different natural reference con- 
figurations). The (systolic) geometry of the aneurysm is exported to be prepared 
for haemodynamic analysis: first, the aneurysm geometry is integrated into a 
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Fig. 1 Fluid-Solid-Growth computational framework for modelling aneurysm evolution 

physiological geometrical domain, which is then automatically meshed; physio- 
logical flow rate and pressure boundary conditions are applied. The flow is solved 
assuming rigid boundaries for the haemodynamic domain. The haemodynamic 
quantities of interest, for example, WSS, WSSG are then exported and interpolated 
onto the nodes of the structural mesh: each node of the structural mesh contains 
information regarding the mechanical stimuli obtained from the haemodynamic 
and structural analyses. G&R algorithms simulate cells responding to the 
mechancial stimuli and adapting the tissue: the constitutive model of the aneu- 
rysmal tissue is updated. The structural analysis is executed to calculate the new 
equilbrium deformation fields. The updated geometry is exported for haemody- 
namic analysis. The cycle continues and as the tissue adapts an ICA evolves. The 
stages of the FSG framework, i.e., the structural modelling, haemodynamics 
modelling and the G&R methodology are detailed in the subsequent subsections, 
i.e.. Sects. 3.1, 3.2 and 3.3, respectively. 



3.1 Structural Model of Aneurysm Evolution 



A geometric nonlinear membrane theory [94] is adopted to model the steady 
deformation of the arterial wall. The unloaded internal carotid artery is treated as a 
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thin cylinder of undeformed radius R, length Li , and thickness H. The thickness of 
the media Hm is assumed to be equal to 2/3 the thickness of the arterial wall, i.e., 
Hm ~H/3, and thus the thickness of the adventitia Ha —H/3. The artery is 
subject to a physiological axial pre-stretch Aj and a constant systolic pressure p 
equal to 16 kPa which causes a circumferential stretch of Iq- A body fitted 
coordinate system is used to describe the cylindrical membrane with axial and 
azimuthal Lagrangian coordinates Qi ^ [0,Li]and02 ^ [0,2nR], respectively. 
Formation and development of the aneurysm is assumed to be a consequence of 
G&R of the material constituents of the artery; the distal and proximal ends are 
considered fixed as the aneurysm evolves. The principle of stationary potential 
energy is the governing equation for the steady deformation of the arterial wall. 
It requires that the first variation of the total potential energy vanishes, 

OTi,„ - fflex, =0, (1) 

where ^Ilint represents the variation of the internal potential energy !!;„[ stored in 
the arterial wall, whilst (SHext is the variation of the external potential energy Ilext 
caused by the normal pressure that acts on the artery. Appropriate functional forms 
for the spatially and temporally heterogeneous strain-energy functions (SEFs) for 
the media ^'m, and the adventitia H'a must be specified so that ^Hint can be 
computed. Details of the theoretical formulation to describe the deformation of 
the arterial wall and the numerical formulation to solve Eq. 1 can be found in [90]: 
the equilibrium displacement field is solved by a finite element method coded in 
FORTRAN 77. 



3.1.1 Strain-Energy Functions for Heterogeneous Aneurysmal Tissue 

The arterial wall is modelled as two layers. The inner layer models the mechanical 
response of the media (and intima), with contributions from the elastinous con- 
stituents (ground substance, elastin fibres and passive smooth muscle cells) and a 
double helical pitch of collagen fibres with orientations y^^ to the azimuthal axis: 
p = +,p = — denote positively (y^ > 0) and negatively (y^^ <0) wound fibres, 
respectively. 

The outer layer models the mechanical response of the adventitia, which is 
considered to have a small elastinous contribution and a double helical pitch of 
collagen fibres with orientations }'^ (/? = ±) to the azimuthal axis. The mechanical 
response of each layer is modelled as the sum of a neo-Hookean strain energy 
function (SEF) [95] and a highly nonlinear SEF which represents the mechanical 
response of the collagen [73]. Spatially and temporally dependent functions are 
introduced for the concentration of the elastinous and collagenous constituents and 
the configuration in which the collagen fibres begin to be recruited to load bearing. 

Recruitment stretch variables define the factor the tissue must be stretched 
relative to the unloaded configuration in the direction of a collagen fibre for the 
fibre to begin to bear load. Remodelling the recruitment stretches enables the 
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remodelling of the collagenous fabric during aneurysm development to be simu- 
lated. Constituent concentration variables define the ratio of the mass density of a 
constituent at time t to the mass density at time t = and enable the growth/ 
atrophy of the constituent to be simulated. For further details of the theoretical 
formulation to describe the G&R the interested reader is referred to [52]. 

The SEFs for the elastinous contributions in the medial and adventitia are 
multiplied by a normalised spatially and temporally dependent concentration 
function, denoted m^{0i,02,t). This is employed to prescribe the degradation of 
the elastinous constituents, where m^{0i,02,t — 0) — 1. Fields of spatially and 
temporally dependent fibre recruitment stretch Ij {61,62,1) and concentration 
m^ {61,62, t) variables are defined throughout the midplane of the arterial wall, 
where the subindex J denotes the media M or the adventitia A. The fibres within 
each layer are orientated at an angle of jj to the azimuthal axis, where p denotes 
the pitch ±yy relative to the azimuthal axis in the unloaded reference configura- 
tion. Hence, the SEFs are 

'Vj^m''K'j{En+E22+E^i) 



=±. £^ > 



m^i(:c{exp[AC(£^^)2] -1}, J^M,A, (2) 



where the material parameters for the elastinous constituent are denoted by 
Kj, whilst /Tp and A'' are parameters that relate to the collagen fabric. The Green- 
Lagrange (GL) strains of the elastin, i.e., £n, £22 and £33, are defined relative to 
the unloaded configuration; in the initial cylindrical configuration, these represent 
strains in the axial, azimuthal and radial directions, respectively. The GL strains in 
the collagen fibres are denoted by Ej {6^,62,1) and are defined relative to the 
configuration in which the collagen fibres are recruited to load bearing. More 
specifically, the GL strains Ej of the collagen fibres are a function of the GL 
strains of the elastin resolved in the directions of the collagen fibres, denoted Ej . 
Thus, 



■E' 



E\ ^ -^ ^, (3) 

jp 

where E^ =[{^'j) ~ l]/2, Ay (0i, 02,?) are the recruitment stretches and 

E] = £1 1 sin- y , + £22 cos^ y , + 2£i2 sin y, cos 7 , . 



3.1.2 Geometry, Physiological Data and Material Parameters 

The material parameters for the media and the adventitia as well as all other values 
which serve the basis for our subsequent computation are summarized in Table 1 . 
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Table 1 Geometry, physiological data used for modelling the human internal carotid artery 



Radii 








At systole 




rs 


1.26 mm 


Reference configuration 




R 


'■5/^ 


Wall thickness 








Total 




H 


R/5 


Media 




Hm 


2H/3 


Adventitia 




Ha 


H/3 


Fibre orientation 








Media 




7M+.yM_ 


+30°, -30° 


Adventitia 




7a+>7a_ 


+60°, -60° 


Applied pressure, kinematics 








Systolic pressure 




P 


16kPa 


Axial pre-stretch 




K 


1.3 


Circumferential stretch at / = 


= 


^ 


1.25 


Ratio of systolic to diastolic diameters at ; = 




1.1 


Attachment stretch 




^AT 


1.07 


Recruitment stretches (f = 0) 








Media 






1.18 


Adventitia 




4'^i 


1.20 



In the systolic configuration, the artery has a radius rs, an axial pre-stretch of 1.3, a 
circumferential stretch of 1.25 and we assume that the elastinous constituents bear 
80% of the load. We assume that the elastinous response of the adventitia is an 
order of magnitude weaker than that of the media, i.e., K^ =K^/1Q [73] and 
specify the ratio of the medial and adventitial collagen material parameters to be 
K^ — K^/A. The remaining three independent material parameters, namely 
K^jK^jA"- are determined so that the SEFs adequately model the mechanical 
behaviour of the artery [92]. 

The magnitude of the attachment stretch l^j- is defined to be the stretch in the 
collagen fabric at systole at t = 0. For the healthy artery, the collagen fabric 
does not bear significant load until the upper end of physiological pressures. 
To determine a suitable value for l^^j we assume that the medial collagen fibres 
(with predominant azimuthal orientation) are recruited to load bearing at diastole, 
i.e., when the circumferential stretch is lo/'^o, where i^ denotes the ratio of the 
systolic to diastolic diameters. This implies initial values for the medial recruit- 
ment stretches (i^ , 1^ ) of 



^M+ \,=o = V (^o/4)^ cos2 y^^ + ij sin^ y^^ 

= ^(^/4)'cos2-y^ +I2sin2y^ = !« I,^^. (4) 
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Consequently, the attachment stretch l^j., which is defined to be equivalent to the 
stretch of the medial collagen fibres at systole at r = 0, i.e., i^ L=o(— '''•m_L=o)i 
can be deduced as 

^Ar = ^M+ Uo = V ^0 cos2 y^, + )l sin^ y^^ / X^^ \,^q = A^_ |,^o- (5) 

Finally, the initial values of the adventitial recruitment stretches are determined so 
that the stretch of the adventitial collagen fibres at systole at f = equals the 
attachment stretch, i.e.. 



^1 L=o = V ^0 cos2 y^^ + l\ sin^ y^^ jX^^ = 1«_ \,^^. (6) 



3.2 Haemodynamic Modelling 

To achieve physiologically realistic flow in the region where the aneurysm 
develops, extensions are attached to the structural model of the artery/aneurysm 
using vasculature geometry obtained from clinical imaging data. MRI data is 
automatically segmented using algorithms [96-98] integrated into @neufuse 
software; a software suite, developed as part of the @neurlST EU project, which 
integrates medical imaging, biomedical measurements and simulation. A small 
aneurysm developing on the right internal carotid artery (see Fig. 2a) is identified. 
The geometry is subsequently manipulated with ANSYS ICEM: the aneurysm 
(located on the right internal carotid sinus artery) is removed and replaced by a 
short cylindrical section which is reconnected to the upstream and downstream 
arterial sections so that the surface gradients are continuous [93]. It is within this 
inserted section, hereon referred to as aneurysmal section, that the formation of an 
ICA is simulated. This approach enables the structural model of Sect. 3.1 to be 
integrated within a realistic physiological geometry (Fig. 2b) with physiological 
boundary conditions so that the G&R of the aneurysmal section can be explicitly 
linked to physiologically realistic haemodynamic stimuli. 

The methodological approach to solve the haemodynamic s as the aneurysm 
evolves proceeds as follows. The geometry of the aneurysmal section is exported 
(see Fig. 1) from the structural solver to the meshing suite ANSYS ICEM 
(ANSYS Inc, Canonsburg, PA). ANSYS ICEM automatically integrates the 
aneurysmal section into the physiological domain and generates an unstructured 
tetrahedral mesh with prism layers lining the boundary in a scripted-automated 
manner for the fluid domain. After meshing, appropriate boundary conditions 
are applied (see Fig. 2b) and the flow is solved by ANSYS CFX (ANSYS Inc, 
Canonsburg, PA) which solves the incompressible Navier-Stokes equations using a 
finite volume formulation [99, 100]. The solver is based on a coupled approach 
(i.e., velocities and pressure are cast and solved as a single system) and a fully 
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4.38 cm?s 



Fig. 2 a Clinical MRI data is automatically segmented using @neufuse software. A small 
sidewall saccular aneurysm developing on the right internal carotid artery (R-ICA) is identified. 
b The original aneurysm has been removed and replaced with a short cylindrical section 
(aneurysmal section) which is then reconnected to the vasculature. It is on this section that 
aneurysm evolution is simulated. The flow rate at the inlet (R-ICA) is prescribed and pressure 
boundary condtions are prescribed at the outlets, i.e., the Right opthalmic artery (R-OA), the 
Right middle cerebral artery (R-MCA), and Right anterior cerebral artery (R-ACA) 



implicit time discretisation, where needed. An algebraic multigrid variant is used 
for convergence acceleration [101]. Blood is modelled as a Newtonian fluid 
[102, 103] with constant density p = 1069 kgm^"' [3, 104] and constant viscosity 
r] — 0.0035 Pa s. At the arterial wall a no slip condition is applied for a rigid wall. 
For the FSG model presented in this paper we adopted a steady flow analysis to 
reduce the cost of the computational simulations. The similarity of the spatial 
WSSAVSSG distributions for steady and pulsatile flow simulations [56, 105, 106] 
suggests that adopting steady flow may be a reasonable approach for the purposes 
of investigating phenomenological hypotheses that explore the link between G&R 
of aneurysmal tissue and deviations of the WSSAVSSG from normotensive values. 
However, note that a pulsatile flow analysis is necessary to explore more 
sophisticated G&R hypotheses given that pulsatile flow yields additional quanti- 
fication of the mechanical stimuli that act on the endothelial cells. 



3.3 Growth and Remodelling 



Models of aneurysm evolution must predict how the main load bearing constitu- 
ents, i.e., elastin and collagen, evolve. Growth relates to changes in the mass of the 
constituents whereas remodelling relates to changes in the structural organisation, 
for example, natural reference configuration or orientation of fibres, with no net 
change in mass. An ICA typically appears as a thin collagenous structure, whilst 
the parent artery still has a well-defined structure with an intact medial layer: there 
is a relatively abrupt transition from healthy to aneurysmal tissue in the neck of the 
aneurysm. Hence, models of ICA evolution must model the degradation of elastin 
and the G&R of the collagen fabric. 
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3.3.1 Elastin Degradation 

The inception of tiie aneurysm is prescribed to create a small outpouching of 
the arterial domain. Details of the methodology to achieve this can be found 
in [54]. Briefly, a localised degradation of the elastinous constituents is pre- 
scribed whilst simultaneously the collagen fabric adapts to compensate for the 
loss of load bearing by the elastin. The artery achieves a new homeostasis, 
i.e., the stretch of the collagen fabric is restored to k^j throughout the domain. 
The loss of elastin and adaption of the collagen yields a small localised out- 
pouching of the artery. This alters the spatial distribution of the WSS. Sub- 
sequent degradation of elastin is then linked to deviations of the WSS from 
homeostatic values. 

We suppose that there is a maximum rate of degradation, say Dmsx, that the 
elastinous constituents can degrade per year. The concentration of elastin m^ 
evolves according to 

-^ = -.^oDMaxWI^ (7) 

where t is in years and iFoiOi, O2, t) : 0< ,^d < 1 is a spatially-dependent func- 
tion of the haemodynamic quantities to be linked to elastin degradation. Clearly, if 
^D = 1, elastin degrades at a maximum rate whilst if ,)Fp = no degradation 
occurs. 

As an illustrative example, we suppose elastin degradation is linked to low 
levels of WSS. More specifically, we assume that if the maximum value of the 
WSS is greater than a critical value, say icrit, no degradation of elastin occurs 
whilst lower values of WSS give rise to degradation of elastin. Furthermore we 
suppose that there exists a value of WSS, say tx ■ 0< Tx<Tcrit, at which maxi- 
mum degradation occurs. We assume a simple quadratic functional form for the 
degradation function ,^0 that describes the relation between the local WSS and 
the degree of the degradation of elastin, i.e., 

{0, T>Tcrit, 

{is^y, Tx<T<tcri„ (8) 

In this study, Dm^x — 0.75 and the elastin degradation is confined to the specific 
region of aneurysm inception (see Ref. [56] for methodology) otherwise the 
evolving aneurysms propagate along the arterial domain [54]. The magnitudes of 
the parameters Tcritandtx are determined by inspecting the initial WSS distribu- 
tion following development of the small outpouching: tcrit must exceed the 
minimum level of WSS in the region of inception for elastin degradation to occur. 
For this study, icrit = 15 Pa and t^- = 0.5 Pa. 
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3.3.2 Collagen Adaption 

The adaptive response of the collagen fabric consists of growth and remodelling. 
Remodelling the reference configurations of the fibres simulates the effect of fibre 
deposition and degradation in altered configurations. The growth/atrophy of the 
collagen fabric is simulated by evolving the fibre concentration. Increases 
(decreases) of the fibre concentration simulates fibroblasts up-regulating (down- 
regulating) collagen synthesis and down-regulating (up-regulating) enzymes that 
degrade the collagenous matrix. 

3.3.3 Remodelling the Recruitment Configuration of Collagen 

The turnover of collagen and the consequence of fibres attaching in a fixed state of 
stretch k'lj is simulated by proposing evolution equations that act to maintain the 
GL strain in the collagen fibres to an equilibrium value E'^j (equivalently remod- 
elling the stretch of the collagen fibres to a^j-). This is achieved by remodelling the 
reference configuration of the collagen fibres throughout the arterial domain, 
i.e., remodelling the recruitment stretches (see Fig. 2 in [54] for physiological 
interpretation of remodelling of the recruitment stretch). Linear differential equa- 
tions are proposed for the remodelling of the recruitment stretches, i.e., 

dl, E, — E,f 

-A ^ a^^— ^, (9) 

dt £C^ ' 

with E^j- — [{l^j) — l]/2 where a = 0.6 years ^' . 



3.3.4 Growth/Atrophy of the Collagen Fabric 

Fibroblasts adhere to the ECM via specialised cell surface receptors, in particular 
integrins [107]. The integrins physically link the ECM to the cytoskeleton of the 
fibroblast. They transduce mechanical signals to the fibroblast interior [108]. 
Evidence suggests that the integrins act as stretch sensors [109] and enable the 
fibroblasts to sense changes in their mechanical environment. Fibroblasts deposit 
collagen fibres and secrete proteases to degrade the collagenous material. We 
assume that the rate of change of the concentration of the collagenous constituents 
is dependent on the concentration of fibroblasts nij (ratio of the density of the 
fibroblast cells at time t to the density at time f = 0) in the arterial wall and rate of 
synthesis and degradation of collagen. Let ,^s and J^b be functions depicting how 
the rate of collagen synthesis and the secretion of matrix metalloproteases are 
related to the deformation of the fibroblast cell during a cardiac cycle, respectively. 
Furthermore, to reduce theoretical complexity, restrict ,9^s and ,^o to be functions 
of the maximum strains of the cells Ej and suitable indices characterising the 
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magnitude of cyclic deformation experience by the cells, for example, magnitude 
of cyclic stretch /"-J , or magnitude of the cyclic areal stretch A^"'''^ (areal stretch 

at systole divided by areal stretch at diastole). Under these assumptions, the rate of 
change of the collagen concentration is 

"^ = «<,^,(£^, i;;-, A--) - «<, j^,(£^, 1--, A--). (10) 

In response to increased stretch, fibroblasts attempt to reduce their stretch and 
reach a new equilibrium by restructuring their cytoskeleton and ECM contacts, i.e., 
fibroblasts reconfigure their natural reference configuration. To simplify the 
mathematical analysis, we assume that the local (natural) reference configuration 
of a fibroblast cell is identical to that of the collagen fabric it is maintaining. Hence 
the GL strain of the fibroblast cell, say Ej , is assumed to be equal to the GL strain 

of the collagen, i.e., E'l = £9. Furthermore, we assume that the concentration of 
fibroblasts in the arterial tissue is proportional to the concentration of collagenous 
constituents, i.e., rrij = ^orrij : Co > 0. These assumptions imply that the rate of 
evolution of the collagen fibre concentration rtij can be expressed in terms of the 
current fibre concentration, i.e.. 



dmy 

d/' = ^«< 


;^s{Ej^,,\ ,A 


= <,ra(£^,,;--^A--^ 


'g = U-^s - 


^d)- 



')-.^o{Elll^^A^-^') 



(11) 



where ^c 

If Ej = E^j the collagen fabric is in homeostasis, i.e., the secretion of ECM is 
balanced by the degradation and there is no change in concentration. Hence, for 
Ej — E^j- it is required that iFciEj) — 0. The exact functional form of #^g is 
unknown. However, if the substrate is stretched, a net positive force acts on the 
cell and signalling to the nucleus results in an up-regulation of ECM protein 
expression and a down-regulation of coUagenase expression. Conversely, relaxa- 
tion of the substrate can trigger different signals resulting in a reversed pattern of 
protein expression [109], i.e., down regulation of ECM protein expression and up- 
regulation of collagenase expression. Although we do not explicitly model protein 
synthesis and enzymatic degradation, the net result is to stimulate increases/ 
decreases in the ECM. The simplest functional form for J^c that satisfies these 
requirements is linear, and hence we propose the following evolution equation for 
the collagen fibre concentration 

dm'r E'r — E^t 

^' = H^7^' (12) 

where jS is a phenomenological growth parameter that relates to the rate at which 
the fibroblasts increase or decrease the mass of the collagenous constituents in 



Modelling Cerebral Aneurysm Evolution 



387 



response to deviations of the magnitude of cyclic deformation from normotensive 
levels. Rates of activity of vascular cells increase with the magnitude of the cyclic 
deformation [110, 111]. For a healthy artery, vascular cells experience cyclic 
stretching with magnitudes of 10% whilst for older, more collagenous vessels, the 
magnitudes may decrease to 2%. We select a functional form for ji which increases 
rates of production if the cyclic stretch enviroment increases from its initial values 
for the healthy artery at f = 0. We propose a function of the form suggested in 
[56], i.e.. 



P = /^oexp 



P^^max 



iF-CS 



j^F-C 



1,0 



exp 



qCS^ 




1,0 



(13) 



This choice is somewhat arbitrary, however it acts to prevent unrealistically large 
cyclic deformations in regions of the tissue as the aneurysm evolves. For the 
analysis in this paper, /?o = 0.1 years "\/?'''^ = 10 and ^y^ = 0. 

To simplify the presentation of the results, we define the average fibre con- 
centration m'' of the medial and adventitial layers, where 



c 

m = 



4l« 



M- 



■'M^ 



'M_ 



Ha 



"A+ 



"A_ 



(14) 



4 Physiological Growth IVIodel: Sidewall Saccular Aneurysm 
of the Internal Carotid Sinus Artery 



We briefly review the framework of the model prior to presenting the results. 
Equation 2 defines the (spatially and temporally heterogeneous) SEFs for the 
medial and adventitial layers of the aneurysmal tissue. An ICA develops as the 
material constituents of the artery evolve. The variation of the total potential 
energy (1) governs the equilibrium displacement field, and is solved by the finite 
element method [90]; volume meshes of the computational domain are generated 
and the haemodynamics are solved automatically. The evolving geometry alters 
the haemodynamics and the spatial distribution of the WSS and the WSSGs that 
act on the endothelial layer of the artery. Initially, the degradation of elastin is 
prescribed to create a small outpouching of the computational domain to perturb 
the haemodynamic environment [54, 56]. Subsequent elastin degradation is then 
linked to low WSS (see (7) and (8)) in this localised region of the computational 
domain, whilst the collagen fabric adapts (throughout the arterial domain) to 
restore its strain to the homeostatic value (see (9) and (12)). 

Figure 3 illustrates the WSS, WSSG and pressure distributions on the arterial 
domain following the development of a sidewall saccular aneurysm (t — 9 years). 
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Fig. 3 WSS, WSS spatial gradients and pressure distributions following the evolvement of a 
model of an ICA on patient-specific vasculature. The flow rate at the inlet, the right internal 
carotid artery (R-ICA), is prescribed and pressure boundary condtions are prescribed at the 
outlets, i.e., the Right opthalmic artery (R-OA), the Right middle cerebral artery (R-MCA), and 
Right anterior cerebral artery (R-ACA). Patient-specific inlets and outlet geometries yield 
physiologically realistic haemodynamics within the aneurysmal region. Consequently, the 
haemodynamic stimuli that are incorporated into the G&R algorithms have realistic magnitudes 
and spatial distributions 



Elevated regions of WSSAVSSG are observed distal to the aneurysm and close to 
the bifurcation. The variation in pressure is negligible over the aneurysm region. 
Figures 4-6 zoom in on the location where the aneurysm develops and depict the 
aneurysm evolving at f = 0,3, 6 and 9 years following the initial inception that 
creates a localised perturbation to the geometry. The prescribed inception of the 
aneurysm, i.e., localised degradation of elastin, creates a perturbation to the 
geometry and a local reduction in WSS to approximately 8 Pa. 

As the aneurysm enlarges it can be seen that a region of elevated WSS occurs 
distal to the aneurysm and decreased WSS occurs within the proximal region of the 
dome and at the side regions of the aneurysm neck, see Fig. 4a. Figure 4b illus- 
trates the evolution of the degradation factor J^®. This has a maximum initial 
value of 0.3. As the aneurysm enlarges, the WSS distribution changes and thus so 
does the distribution of J^g, : the region it encompasses (with values > 0) 
enlarges initially but then becomes restricted to the proximal region of the aneu- 
rysm dome. This is due to the pronounced asymmetry in the evolution of the WSS. 
Due to the asymmetry in the distribution :¥ c^_ the region of elastin degradation 
evolves asymmetrically (see Fig. 4c), i.e., the elastin degrades at a greater rate in 
the proximal region of the aneurysm. Noticeably, as the aneurysm enlarges the 
region of degradation is constrained to the proximal region. The asymmetry in the 
evolution of the elastin degradation creates a substantial asymmetry in the evo- 
lution of the aneurysm geometry: the proximal side of the dome develops a well- 
defined aneurysm neck whereas the distal region of the aneurysm flattens to 
connect with the downstream section of the artery smoothly. 

Figure 5a, b illustrate the evolution of the Green-Lagrange (GL) strains of the 
elastin, i.e., E\\ and £22, respectively. The strains increase to the greatest extent at 
the upper proximal region of the dome. As the aneurysm enlarges the asymmetry 
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Fig. 4 The inception of the aneurysm is prescribed creating a perturbation to the WSS 
distribution. Subsequent degradation of elastin is explicitly linked to low levels of WSS. 
Evolvement of a the WSS, b the degradation factor ,i^fy c the elastin concentration m^ and d the 
average collagen fibre concentration m"- atf = 0, 3, 6 and 9 years 
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Fig. 5 Evolution of the Green-Lagrange strains of the elastin, a £i i and b £22 ■ c Evolution of the 
medial collagen fibre strain £^ . Note that the magnitudes are low even though there is large 
deformation. This is due to the evolvement of the reference configurations that the fibres are 
recruited to load bearing 



in the strain distribution increases. In contrast to the evolution of the elastin strain, 
the collagen fibre GL strains increase negligibly even though there is large 
deformation, see Fig. 5c, i.e., maximum values of 0.14 for collagen as opposed to 
12 for elastin. This is due to the evolution of the natural reference configurations 
that the fibres are recruited to load bearing. 

Finally, Fig. 6a illustrates the evolution of the systolic and diastolic geometries. 
It can be seen that the evolution of the diastolic geometry follows closely the 
evolution of the systolic geometry. Figure 6b illustrates the evolution of the 
magnitude of the cyclic areal stretch (ratio of the magnitude of a differential area 
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Fig. 6 a Evolution of the systolic and diastolic geometries, b Evolution of the cyclic areal stretch 
(ratio of the magnitude of a differential area element at systole to its magnitude at diastole) 



element at systole to its magnitude at diastole). Initially, the metric increases at the 
apex of the outpouching where there has been loss of elastin. However, as 
the aneurysm enlarges, elevated changes in the cyclic area metric occur at the side 
neck regions of the aneurysm. The proximal region of the aneurysm has lost 
the most elastin and contains increased collagen — in this region the pulsation of 
the tissue deceases. 



5 Discussion 

In this chapter, we have presented a fluid-solid-growth (FSG) model for the 
evolution of an ICA on the internal carotid sinus artery. The model utilises a 
realistic constitutive model of the arterial wall that accounts for the structural 
arrangement of collagen fibres in the medial and adventitial layers, the configu- 
ration the collagen fibres are recruited to load bearing and the concentration of the 
elastinous and collagenous constituents. A quasi-static structural analysis is 
employed to obtain the geometry of the aneurysm at systolic and diastolic pres- 
sures, enabling G&R to be explicitly linked to the cyclic deformation of the 
arterial tissue. The structural model is integrated into a patient-specific geometry 
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of the internal carotid artery. This enables G&R of the aneurysmal section to be 
explicitly linked to physiologically realistic haemodynamic stimuli. Degradation 
of elastin is linked to low magnitudes of WSS and the collagen fabric adapts to 
compensate for the loss of load bearing by the elastin and restores its stretch to 
i^j.. This is the first patient-specific model of cerebral aneurysm evolution that 
incorporates a realistic constitutive model of the arterial wall. It will provide the 
basis for further investigating and elucidating the aetiology of the disease. 

ICA evolution models, such as the one presented in this chapter, are proving useful 
exploring the G&R of the microstructure of the arterial wall during ICA develop- 
ment. However, they are in need of substantial further development and sophisti- 
cation to represent the underlying biology more accurately and to connect with 
clinical findings; the latter requirement being directly related with practical pre- 
dictive use in a clinical framework. It is the cells, for example, endothelial, vascular 
smooth muscle and fibroblasts, that maintain, remodel and repair the ECM to 
maintain the artery so that it functions in an optimum manner. Whilst in recent years 
significant advances have been made developing arterial constitutive models [73] 
further sophistications are needed. In particular, given that apoptosis of vascular 
SMCs is associated with the formation of ICAs [60] and that SMCs synthesise and 
secrete connective tissue, matrix degrading enzymes [112] and proteoglycans [113] 
the SMCs must play a critical role in the development of an ICA. Consequently, there 
is a need to: (1) sophisticate arterial constitutive models to explicitly represent the 
active and passive response of the SMCs, relating their mechanical response to the 
chemical environment, for example, calcium concentration [1 14]; (2) develop G&R 
frameworks to relate the SMC orientation, growth/atrophy and phenotype to their 
evolving mechanical environment [115]. Hypotheses linking the protein expressions 
of the cells to their local mechanical stimuli, for example, stress [116], cyclic stretch 
[ 1 1 7] , WSS [ 1 1 8], WSS spatial gradients [69] need to be explored. However, whilst it 
is well recognised that the mechanical environment of the cells influences their 
functionality [109, 118, 119] the complex interplay remains poorly understood. 

Obtaining data to follow the temporal progression of an individual's ICA, for 
example, histological analysis of the evolving structure of the tissue is not possible 
in vivo in humans. Consequently, there is a need for experimental models that can 
provide such quantification. Although the aetiology of experimental ICA models 
differs from human ICA, there are similarities that can be exploited. For instance, 
the underlying biological mechanisms that control the G&R of the collagen fabric, 
bare important similarities across species and therefore merit further investigation. 
Indeed, given that a developed ICA consists predominately of collagen [63], 
understanding how this structure evolves is essential for understanding the 
pathobiology of ICAs. Computational models provide an ideal basis to explore 
hypotheses for how ICAs form and evolve and have the potential to yield insight 
into the aetiology of the disease. The long term objective is that such models may 
ultimately have diagnostic application, for example, patient-specific stress analysis 
and prediction of future growth/rupture. In the shorter term however, they present 
us with excellent in silico testbeds for theory and hypothesis evaluation. 
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Biomechanical Considerations of Animal 
Models of Aortic Aneurysm 

Darren Haskett, Mohamad Azhar and Jonathan P. Vande Geest 



Abstract Aortic aneurysm is a focal enlargement of the aorta developing over 
years and carrying the risk of rupture and death. As aneurysms are a chronic 
disease, animal models have come to be used in both determining the underlying 
mechanisms that cause aneurysm formation and in designing new treatments for 
the disease. These models include mechanically and chemically induced methods 
used for both refining surgical techniques and stent graft device characterization. 
The latter are typically implemented in large animals (dog, pig, and sheep). Other 
models employ methods that rely on genetic manipulation, often with the addition 
of chemical induction, to induce aneurysm formation in small animals, predomi- 
nantly mice. Recent efforts have also aimed at determining both the biomechanical 
alterations that occur with aneurysm formation and the potential for rupture. 
However, many animal models for aortic aneurysm do not exhibit some of the 
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native characteristics of the disease and as such are not suitable for investigating 
disease initiation and progression. The current review summarizes the various 
approaches of animal models for aortic aneurysm in the context of their appro- 
priateness for biomechanical investigation. 



1 Introduction 

It is generally accepted that the formation of an aneurysm in the aorta is a complex 
and multi-factorial disease. Some factors which have been identified as playing a 
role in the disease process include genetic predisposition [1,2], autoimmunity [3], 
and environmental influences such as smoking [4]. Over the past 15 years there 
has been an explosion of information regarding how both fluid and solid 
mechanics might also play a role in aneurysm development, assessment, and 
rupture prediction [5, 6]. Current research has aimed at improving treatment 
options for aneurysm (e.g., endovascular repair) and predicting rupture, and 
although it is known that aneurismal tissue is remodeled in the disease process in 
humans [5] and that such reorganization leads to alterations in mechanical prop- 
erties [7], there is a need to understand the underlying mechanisms and how they 
develop. Animal models of aneurismal disease can be useful for studying altera- 
tions during disease development (e.g., in the tissues mechanical response) and 
also for studying novel and new endovascular treatments. 

Development of animal models of aortic aneurysms can be broken down into two 
basic categories based on their purpose. The purpose of some animal models is to 
assist in the development of novel endovascular prostheses and their deployment 
techniques for the treatment of aneurysms in humans. These models are focused on 
the clinical application of the device and therefore require large animals and induce 
aneurysm through either mechanical or chemical means. Beginning in 1986, Balko 
et al. [8] inserted a prosthesis into the abdominal aorta of adult sheep creating an 
abdominal aortic aneurysm (AAA) which was then endoluminally excluded using a 
stent graft. Since then several large animal models including dogs [9-12], pigs 
[13, 14], and sheep [8, 15, 16] have been used for the study and development of 
endovascular grafts with dogs being the most common animal model. The use of 
small animals (e.g., mice) as a means to study endovascular repair has not largely 
been used likely due to size challenges and significant differences between human 
and murine aortic hemodynamics. The choice of animal for such models is very 
important and is often a tradeoff between availability, aortic geometry, physiological 
differences with humans, and suitable characteristics of the animal. 

The second purpose of an aortic aneurysm animal model is to study the 
mechanisms behind aneurysm formation enabling us to better understand aneu- 
rysm pathophysiology and propose novel drug therapies. These models for the 
most part rely on small animals for their low cost and ease of handling relative to 
large animals. Small animals with shorter life spans are also desirable for such 
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Studies, since these models may depend on spontaneous aneurysm formation and 
thus require an accelerated time course for disease. In small animal models 
aneurysm development is induced chemically, genetically predisposed, or imposed 
using a combination of both. The number of aneurysm models has increased 
significantly in the past few years. This is due to sequencing and annotation of the 
mouse genome and efforts such as the Knockout Mouse Project (KOMP) which are 
focused on creating genetically modified mouse knockout strains for every gene in 
order to study disease [17]. 

The purpose of this chapter is to review both the methods used in creating exper- 
imental aneurysms in animals and the several different animal models currently 
available, highlighting their typical means of use and also detailing how such models 
may be used to better understand the role of mechanics in aneurysm development. 



2 Mechanisms for Inducing Aortic Aneurysms in Animals 

Much like the choice of animal, the choice of mechanism used for inducing 
aneurysm is based on the model's purpose and is typically induced using either 
mechanical or chemical means or using a genetically predisposed animal. 



2.1 Mechanically Induced Models 

Open repair of AAAs has in recent years become less preferable to the alternative and 
less invasive procedure of endovascular repair. Since the first studies to use stents 
grafts to treat AAAs in the mid-1980s, large animal models of aortic aneurysm have 
been used to test the delivery, biocompatibility, and efficacy of endovascular grafts. 
Most of these models have used mechanical, otherwise known as surgical, techniques 
to induce aneurysm. Some techniques developed for inducing aneurysm such as 
weakening the aortic wall through injury [18] or the Blanton technique for creating 
dissecting aneurysms [19] may not be in common use. However, more common 
methods for mechanically induced aneurysm have been established and include the 
arterial wall patch model, the graft model, and transluminal models. 



2.2 Arterial Wall Patch Model 

The arterial wall patch model for inducing AAA has been one of the most widely used 
methods for studying endovascular grafts. The function of the patch model is to 
introduce an aneurismal pouch by repairing an incision in the aortic wall using a 
structurally weaker graft, also referred to as a patch. This patch is able to dilate 
postoperatively and remain patent until an endovascular graft can be deployed to 
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bypass the experimental aneurysm. During the procedure the animal is heperinized, 
the aorta is isolated and cross-clamped between the renal arteries and above the iliac 
bifurcation, and the collateral arteries are secured using temporary hemoclips or 
vessel loops. The incision, known as an aortotomy, is created along the longitudinal 
axis of the aorta and an elliptical patch is then sutured into the opening. An inter- 
vening period of between 3 and 12 weeks is then required for animal recovery and 
tissue healing before the endovascular repair can then be attempted [20, 21]. This 
procedure has been used to create saccular aneurysms in dogs, pigs, and sheep. 

The patch model is sometimes referred to as the vein-patch method, as venous tissue 
from either portions of the inferior vena cava, jugular, or iliac vein [11, 22-24] is often 
used. Various other materials have been used including jejunum [9], peritoneal [14], 
and fascia [25, 26] tissues, as well as synthetic materials such as Dacron [8, 10, 27] 
and ePTFE [15, 28]. Use of analogous tissue has been reported to be favorable as 
they are able to progressively expand and the tendency to rupture can be controlled 
based on the tissue type. Such studies have found that vein patches will enlarge but 
not rupture due to scar tissue formation [29] and that manipulating jejunum or 
peritoneum tissue can result in varying tendencies to rupture [9, 26]. Some work 
using synthetic patches has also shown the ability for the material to enlarge [28], 
however, this is not a critical feature for as long as the aneurysm remains patent the 
function of the patch is preserved. In the patch model, limited thrombus formation 
has been found with a few materials such as jejunum [9, 30], and the collateral 
arteries associated with the patch have remained patent. However, once the pros- 
thesis is inserted into the experimental aneurysm it is often flush against the lumen 
and the collateral arteries bridged by the endovascular graft have been found to 
completely thrombose. Therefore, a modified technique is required for any study 
focused on the perfusion of the aneurysm sac by retrograde flow [31, 32]. 

Although widely used and often found to exhibit similarities to the human 
disease [33], the value of the arterial wall patch model for studying the mecha- 
nisms involved in aneurysm and determination of aneurysm mechanical properties 
is not seen as appropriate, since the processes behind their formation is artificial. 
However, this model is able to create large aneurysms with morphological simi- 
larities to human aneurysms, and thus it offers a valuable model for developing 
novel endovascular devices and techniques. The patch model has also shown its 
versatility by being modified to allow for studies into kinking of endovascular 
devices and into the different types of endoleak. Furthermore, the patch model 
provides valuable opportunities to gain surgical experience and will likely con- 
tinue to be used in this capacity [34]. 



2.3 Graft Model 

Almost as common as the patch model, the graft model for inducing AAA has also 
been used in dogs, pigs, and sheep. Similar materials have also been used, such as 
Dacron [10, 16, 35] and ePTFE [36] along with treated jugular vein [37]. Again the 
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animal is heparinized, and the aorta is isolated and cross-clamped below the renal 
arteries and above the iliac bifurcation. However, the collateral arteries are ligated 
and divided as they are removed along with the section of the isolated aorta. Once the 
aorta has been excised, the graft representing the artificial aneurysm is anastomosed 
with each end of the aorta replacing the removed portion and forming a conduit [38]. 
Once the procedure is complete, the aneurysm is fully formed and there have been no 
reports of the graft losing patency prior to the placement of an endovascular graft. 

The graft model has an advantage over the arterial patch model as it can more 
easily manipulate its size and configuration to more closely resemble that of 
aneurysms found in humans. The graft model has also been used to form fusiform 
AAAs through the replacement of a portion of infrarenal aorta with large crimped 
artificial grafts [39]. This model has been used for the evaluation of endovascular 
graft deployment techniques and delivery systems, as well as to determine the 
effectiveness of novel devices. However, this model is not appropriate for studying 
the biological effects of the aortic wall on the healing process, studying any 
degradation that occurs to the endovascular graft, or studying certain failure 
processes like reentrant endoleak, because the large animal model uses either 
synthetic material or treated tissue and the collateral arteries are ligated. 

The graft model has also been used in rats by one research group to generate 
aneurysms based on the immune rejection of the implanted tissue which originally 
came from guinea pigs [40, 41]. Aneurysms were created through rejection of the 
foreign tissue within 4 weeks of transplant and included components of the human 
disease, such as loss of medial cells and extracellular matrix and an influx of 
macrophages, T cells, and B cells. Although the model may not seem suitable as a 
model to study aneurysm causation, seeding the transplanted tissue with syngenic 
rat vascular smooth muscle cells has shown significant reductions in elastin deg- 
radation, inflammatory infiltration, and aneurysm formation and may lead to new 
therapeutic treatments for AAA [41]. It is in this capacity that the graft model for 
aortic aneurysm may be used to study the mechanical response of experimental 
aneurysm tissue, something that has yet to be reported in the literature. 



2.4 Transluminal Angioplasty Model 

A more recent model for creating aneurysms in large animals is the transluminal 
angioplasty model. In this catheter based technique, a standard angioplasty balloon 
and a balloon-expandable intravascular metallic stent were used to dilate the infrarenal 
abdominal aorta to twice its diameter and were able to form a fusiform shaped AAA. 
Hallisey was able to demonstrate this model in dogs without the need for retroperi- 
toneal dissection or major surgery and found that after 30 days the AAAs remained 
unchanged and the collateral arteries remained patent [42]. This method has also been 
adapted to work in sheep as well [43]. Although the model is easily created, it lacks 
physiological elastin breakdown and inflammatory cell infiltration, which are found in 
human AAAs. However, due to its ease of implementation and lack of using artificial 
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material, this method has been able to be incorporated into use with an elastase/ 
collagenase model (see Sect. 3.3) to better mimic the human disease and allow for 
biomechanical analysis of the aneurismal tissue. 

3 Chemically Induced Models 

Chemically induced aneurysm models are easily the most transferable between 
animals as they have been used in both small and large animals. The two common 
methods include the elastase and calcium chloride induced models. These models 
came about from attempts to mimic the early stages of human AAA disease which 
found that disruption of the elastic media and medial inflammation occurred [44, 45] . 



3.1 Elastase Model 

The intraluminal perfusion of the abdominal aorta with elastase was the first 
anreusym model developed in small animals and was performed on rats in 1990 
[46] and later transplanted into mice [47]. The procedure consisted of isolating a 
1 cm segment of abdominal aorta by means of inserting a catheter through the 
femoral artery up to the level of the infrarenal aorta which was then clamped above 
and ligated below. Collateral arteries were also ligated and the segment was then 
perfused with the elastase solution for up to 2 h. The elastase degraded elastin 
within the aortic wall, where inflammation and aneurismal development was then 
accompanied by increased macrophage perfusion and matrix metalloproteinase 
(MMP) production. The timecourse for full aneurismal development had a delayed 
reaction time of 7-14 days after elastase infusion and revealed a number of 
similarities to aneurysm development in humans [48]. The elastase-induced AAA 
model has therefore been useful in examining the role of chronic inflammation and 
specific MMPs in aortic deterioration and to determine the effects of pharmaco- 
logical agents or genetic alterations on aneurysm formation [49]. 

As for large animals, the elastase induced model for aneurysm has been around 
since the 1960s when elastase perfusion was first attempted on dogs [50]. How- 
ever, Martin et al. demonstrated difficulty obtaining reproducible results in this 
large animal model which had a timeline of two months [51], and the method went 
largely unused except in small animal models where the model had much better 
reproducibility. In 1993, Boudghene et al. reported the use of elastase to create an 
AAA model in dogs for evaluation of endovascular grafting and found that the 
dose of elastase was critical to the formation of aneurysm [52]. Since then the use 
of elastase perfusion in large animals to induce experimental AAAs has grown as 
the model is able to mimic the pathology of the human disease better than other 
large animal models such as the arterial wall patch and graft models. The elastase 
model also offers the opportunity to study how MMP and inflammation accom- 
pany biomechanical changes in aneurismal tissue as the disease progresses. 
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3.2 Calcium Chloride Model 

Another method for creating a chemically induced aortic aneurysm in animals is 
through the use of periarterial application of calcium chloride which was first 
performed in rabbits [53]. This model has also been successfully transferred to 
mice [54]. Unlike the elastase model, exposure to the calcium chloride was done 
by anesthetizing the animal, exposing the abdominal aorta between the renal 
arteries and the iliac bifurcation, and placing calcium chloride soaked gauze 
directly on the aortic section for 10 min. Marked dilation was reported after the 
second week with full aneurismal development occurring by 3 weeks. In accor- 
dance with aneurysm in humans, varying degrees of intimal fibromuscular 
hyperplasia and medial disorganization, along with disruption of the elastic net- 
work of the intima and the media were observed. The inflammatory cell infiltration 
includes neutrophils, lymphocytes, monocytes, and multinucleated giant cells. 
Like the elastase perfusion model, the time course of biomechanical changes 
during disease development can be studied using this model. 

3.3 Elastase/Collagenase Model With Angioplasty 

In an effort to better model native AAAs in large animals an elastase and colla- 
genase perfusion method was developed to permit the evaluation of endovascular 
devices. The elastase/collagenase model with angioplasty combines both 
mechanical and chemical approaches to induce experimental AAAs [13]. The 
experimental aneurysms were created by surgically exposing the abdominal aorta 
of pigs, dilating the aorta with an angioplasty balloon, and perfusing the aorta with 
a solution of elastase and collagenase (Fig. 1). Serial MRI was used to determine 
the postoperative diameter, and the animals were sacrificed at different time points 
up to 6 weeks for histological evaluation. The MRI showed that there was a 
gradual increase postoperatively in aortic diameter, and histology showed partial 
endothelial loss, mural neutrophil infiltrate, and elastin disruption within the first 
7 days. There was reendothelialization and smooth muscle repopulation between 3 
and 6 weeks, however, the elastin degradation remained. The study was able to 
show that the creation of an AAA is possible using a combined mechanical and 
chemical approach. While further evaluation is necessary to characterize the nature 
of the aneurysm, this model shows potential for studying the biochemical and 
biomechanical alterations that occur during aneurysm development. 

3.4 Genetic Models 

Rather than relying on mechanical and/or chemical induction, various animal 
models have recently been introduced that stem from aneurysm development in 
genetically compromised animals. 
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Fig. 1 Development of infrarenal AAA in swine using the elastase/coUagenase model with 
angioplasty. In tile a, the abdominal aorta is exposed between the caudal aortic trifurcation (T) and the 
renal arteries (not shown). In tile b, an introducer sheath (S) is inserted into the abdominal aorta and 
angioplasty balloon is slowly inflated to dilate the aorta. In tile c, the aorta is cross-clamped (X) while 
the abdominal aorta is perftised with a solution of elastase and coUagenase. Figure taken from Ref. [ 1 3] 

3.4.1 Genetic Mouse Models of Thoracic Aneurysm 



There are several genetic animal models of aneurysm that preferentially form in 
the thoracic region of the aorta. One of these models includes the 'blotchy' mouse 
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that has a chromosomal mutation affecting copper metabolism causing abnormal 
cross-linking of collagen and elastin and weakening of connective tissue [55]. 
Aneurysms that formed did so generally in the thoracic aorta. However, this genetic 
defect results in large metabolic alterations that most closely resemble Menkes' 
kinky hair syndrome, otherwise known as copper transport disease, which also 
presents with degeneration of the nervous system and impaired growth [56] and does 
not truly mimic the general process of thoracic aneurismal formation in humans. 

In addition to the 'blotchy' mouse, Lysyl oxidase (LOX)-deficient mice also form 
aneurysms in the thoracic aorta. This mouse model relies on a mutation that does not 
allow lysyl oxidase to initiate the crosslinking of collagen and elastin [57]. These 
crosslinks are essential to the mechanical properties of vascular tissue. Upon 
removing the Lox in mice, LOX-deficient neonate mice revealed large aortic aneu- 
rysms. Microscopy showed hazy and unruffled elastic lamellae and highly frag- 
mented elastic fibers with discontinuity of the smooth muscle layers. The aortic wall 
of these animals was also found to be significantly thicker and their diameter sig- 
nificantly smaller. However, in the Lox~'~ model, mice typically die at the end of 
gestation so such a model would not easily allow for the study of progression of the 
disease or allow for biomechanical investigations. Hence, mice with conditional null 
alleles (target gene is eliminated from specific tissue of interest at desired time in the 
body rather than the whole body as gene knockout technology would entail) of Lox 
will be useful for circumventing the embryonic lethality. 

Another transgenic mouse model that is predisposed to aneurysm development 
in the thoracic region is the Tsukuba hypertensive mouse (THM), which over 
produces angiotensin II (Angll) [58]. The THM is defined by increased blood 
pressure but no other clear vascular pathology. However, when placed on a 1% 
sodium diet the incidence of aortic rupture increased dramatically [59], primarily 
occurring in the thoracic region. However, much like the blotchy mouse, this 
model does not accurately mimic the human disease or allow for the study of 
aneurysm progression as the aorta is prone to rupture following the second day on 
a high sodium diet [60]. 

Another transgenic model able to produce aortic aneurysm is the mouse that is 
heterozygous for Fibrillin-1 (F/7«7"^"^'"^^°) mutation [61]. In these mice excess 
Transforming Growth Factor beta (TGF-/^) signaling drives the formation and 
progression of aortic aneurysm in the aortic root. Fbnl^ mice recapitulate 

many aspects of aortic pathology of human Marfan syndrome (MPS). Unlike the 
other animal models for thoracic aneurysm, the Fbnl model does allow for bio- 
mechanical investigations of thoracic aorta during disease progression (Fig. 2). 



3.4.2 Hyperlipidemic Mice 

Some of the mouse models now used for aneurysm models were first created 
for atherosclerosis research. These models include mice that are deficient in 
either apolipoprotein E (ApoE) or low density lipoprotein (LDL) receptors [62, 63]. 
Both Ldlr~'~ and ApoE~'~ mice have delayed clearance of vascular LDL and 
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Fig. 2 Biomechanical and microstructural analysis of thoracic aorta of adult wild-type and 
Fbnl*"''"^^'^'^ mice. Tile a demonstrates the presence of significant aortic root dilation (arrow) in 
an aged adult Fbnl* " mouse. Tile b is a multiphoton image showing both second harmonic 
generation {red, collagen) and autofluorescence (green, elastin) in the inflated thoracic aorta of 
Fbnl* ^ mouse. Note that the cystic medial degeneration of the elastic lamina in Fbnl* '^ 
aortic tissue has a striking resemblance to diseased aortic tissue of patients of MFS. Tile c shows 
a representative 3-dimensional stress verses strain response for aged Fbnl* ^ from a biaxial 
mechanical test (blue, data; red, polynomial fit). Tile d shows the gross fiber angle response upon 
inflation (0 mmHg, red; 100 mmHg, blue) for an aged Fbnl* mouse based off of analysis 

of the multiphoton images; —45° corresponds to fibers afigned with the fongifudinai axis white 
45° corresponds to circumferentiaify afigned fibers — Unpubfished work 



hyperlipidemia and atherosclerosis on normal diets [64]. Along with hypercholes- 
terolemia and atherosclerosis, small dilations in the aorta have also been reported 
[65], though the vessel dilations observed in ApoE~'~ mice are quite small. Upon 
prolonged feeding with high fat diets, large AAAs formed under the atherosclerotic 
lesions (Fig. 3). Some studies have been able to show that such large aneurysms also 
occur without the need for dietary stimulus [63]. However, both methods require 
aged mice that do not always exhibit aneurysm, and as such these models without 
further biochemical modification have not been widely embraced as AAA models. 
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Fig. 3 Development of AAA in ApoE~'~ mice. Tile a demonstrates the presence of an AAA in 
the suprarenal region of the aorta of an aged ApoE mouse. Tile b shows a cross-section stained 
with gomori trichrome strain for muscle tissue demonstrating the dilation of the aorta and the 
thrombus formation in ApoE mice that mimics human disease. Figure taken from Ref. [62] 

3.4.3 Aneurysm Models with Genetic Combinations 



In an effort to take advantage of the AAA formed in the hyperlipidemic mouse 
model which is more representative of human AAAs than other mouse models, 
several combined knockout strains of mice have been created. Van Herck et al. 
studied one such model using ApoE combined with Fbnl^ ' ^ mice fed 
with a high fat. Western-type diet for 20 weeks [66]. This study looked into both 
the pathophysiologic alterations (atherosclerotic development) along with the 
biomechanical response (arterial stiffness) and found them both to change 
simultaneously (Fig. 4). The ApoE~'~ Fbnl^"^^^^^^ mice showed that arterial 
stiffening allowed for the more rapid development of atherosclerotic plaques, 
while the presence of atherosclerotic plaques encouraged increased aortic stiff- 
ness. These mice demonstrated many of the pathologies of the human disease 
such as apoptosis of smooth muscle cells and an increase in macrophages. 
Although these changes occurred throughout the length of the aorta and did not 
present as aortic aneurysms, the model does allow for more straightforward 
biomechanical investigations of disease processes that co-exist with human 
aneurysm development. 

Deguchi et al. also looked into another combined genetic model that paired 
ApoE~'~ mice with one expressing a form of collagen resistant to collagenase in 
order to look into the effect of excess collagen deposition towards aneurysm 
formation [67]. The resulting Col ^ApoE mouse was subsequently infused 
with Angll (see Sect. 3.4.4) for two weeks to induce AAA, and histological 
analysis and mechanical testing of the aortas were conducted. Picrosirius red and 
Masson trichrome staining showed Cof^^ApoE~'~ mouse aortas contained more 
interstitial collagen than control mice. Uniaxial tensile tests demonstrated that 
the Cof^^ApoE~'~ mouse aortas had greater stiffness and were more susceptible 
to mechanical failure than control mouse aortas (Fig. 5). This study detailed how 
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Fig. 4 Histological and biomechanical analysis of ApoE Fbnl* ' mice. Tile a shows the 
disruption that occurs in ApoE~'~Fbnl*'""^'^'^ (labeled as ApoE"'"C1039G+'") compared to 
standard ApoE mice while on normal and Western-style diets. Histological analysis was done 
using orcein staining for elastic fibers of the ascending aorta. The scale bar is 100 |im. Tile 
b shows the resulting stress verses strain response at 10 and 20 weeks for both normal and 
Western-style diets. The ApoE~'^ Fbnl*"~'^'^^'^ mouse aorta demonstrated significantly greater 
stiffness after 20 weeks on a normal diet (***) and demonstrated significantly greater stiffness 
after both 10 and 20 weeks on western-style diet (###). Figure taken from Ref. [66] 



the biomechanical properties of the aorta are regulated by the amount of inter- 
stitial collagen and concluded that aneurysm formation can be influenced by the 
collagen content. The Col^^ApoE~'~ model has thus exhibited the ability to 
investigate the biomechanical alterations that occur with aneurysm formation in 
an animal model. 
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Fig. 5 Biomechanical testing of Col ApoE aortas. Tile a is an image of the strain-device 
composed of a load cell, positioning system, and clamps used to biomechanically assess the 
mouse aortas through cyclical strain and strain to failure tests. Tiles b, c, and d show the results 
from mechanical tests conducted on CoP^^ApoE"'" (n = 4) and control ApoE~'^ mice (n = 3). 
In tile b the aortic stiffness of Col ApoE mice was found to be greater than the aortic 
stiffness in ApoE~'~ control mice. In tile c the aortic stiffness of Col^^ApoE~'~ mice was 
found to decrease relative to ApoE control mice after 10 cycles. While in tile d, the failure of 
Col ApoE mouse aortas was found to occur at less than half that of ApoE control mouse 
aortas. Figure taken from Ref. [67] 



414 D. Haskett et al. 

3.4.4 Chemical Infusion of Genetic Models 

Much like combined genetic aneurysm models, chemically infused genetic models 
have also been created in order to more quickly induce aneurysm formation and 
better mimic the human disease. Most of these models again use hyperlipidemic 
mice and often use vasopressors such as Angll. 

In one such model, infusing ApoE mice with Angll using subcutaneously 
implanted Alzet pumps was found to not only affect atherosclerotic development, 
but there was striking aneurismal development in the region of the abdominal aorta. 
The same was true for Ldl~'~ mice also subjected to Angll. Described by Daugherty 
et al., the model employs Angll infusion ofApoE~'~ mice on a C57BL/6 J genetic 
background [68]. ApoE mice were allowed to feed ad libitum on normal labo- 
ratory diet until 6 months of age, at which point Alzet ozmotic minipumps were 
implanted into the subcutaneous space through a small incision in the back of the 
neck which was then closed with surgical staples. The pumps contained either saline 
or 500 or 1000 ng/min/kg Angll solutions and delivered each solution for 28 days. 
Analysis of the abdominal region of the aorta revealed luminal dilation, medial 
degeneration, and thrombotic material and are features that have been proposed as 
requirements for an appropriate animal model that mimics human disease [59]. For 
this reason, the Angll infused ApoE~'~ model has been used to study the effects of 
different pharmacological treatments of AAA [69-71]. 

In the Angll infused ApoE model changes in aortic physiology were 
observed nearly immediately. Within 1-4 days after initiation of Angll infusion, 
medial accumulation of macrophages occurred in areas where aneurysms are 
known to develop [72]. Disruption of elastin fibers was also frequently observed at 
sites of macrophage accumulation, however, it is unknown whether elastin deg- 
radation is the event that leads to macrophage accumulation or whether macro- 
phage accumulation leads to degradation of elastin [73]. 

The 4-10 days following Angll infusion found vascular hematomas in the 
majority of ApoE~'~ mice and aortic dissections contained from rupture by the 
adventitia; during this time period 10% of mice died [72, 73]. Deaths during 
this period were found to be caused by AAA rupture with subsequent exsangu- 
inations into the abdominal cavity. For those mice that survived the disruption of 
elastic lamina and medial dissection, formation of thrombus occurred and was 
thought to be a strong stimulus for inflammation [73]. After thrombus develop- 
ment, macrophages were found accumulated in areas near the thrombus in both 
intact and disrupted media and were even found within the thrombus. During this 
time period, remodeling of the aortic tissue began in the aneurismal arterial seg- 
ments. This is one of the few animal models that describe macrophage infiltration 
into the thrombotic clot which is characteristic of human AAA [6]. 

Beyond 14 days of Angll infusion, aneurismal tissue was found to mature with 
increased deposition of extracellular matrix and inclusion of T and B lymphocytes, 
however, disruption of medial elastin fibers was still present even after 14 days 
of Angll infusion. By 28 days of Angll infusion, the aorta had completely 
re-endothelialized over the areas of medial disruption, and neovascularization 
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occurred throughout the aneurismal tissue. Remodehng in this manner could then 
lead to a permanently enlarged aorta with all three arterial layers [73]. Only after 
28 days of Angll infusion were atherosclerotic lesions observed in regions of 
aneurismal development [72]. Finally, Daugherty et al. [74] have also reported 
thoracic aortic aneurysms in Angll-infused ApoE~'~ mice. This has broadened the 
utility of chemically-induced genetic mouse models to investigate the pathogenic 
mechanisms of both AAA and thoracic aortic aneurysms. 



3.5 Drug Treatment and Prevention of Aneurysm 
in Genetic Animal Models 

With the discovery of new disease pathways that lead to aneurysm several studies 
have looked into possible drug therapies for aneurysm treatment. From these 
investigations two possible drug treatment therapies have come to the forefront: 
losartan and doxycycline. 



3.5.1 Losartan 

The fZ7«7"^"^"'^^° genetic mouse model for Marfan syndrome which manifests 
thoracic aneurysm was found to have noticeable dysregulation of TGF-/^ activation 
and signaling [75]. For this reason Habashi et al. studied the effects of TGF-/f 
neutralizing antibody (which blocks all three TGF-^ ligands) or the Angll receptor 
blocker, losartan [61]. They determined that thoracic aneurysm in the mouse 
model was coupled with increased TGF-j? signaling and that using TGF-/f 
antagonists like losartan can prevent aneurysm formation. They also noted that 
losartan is already used clinically to treat hypertension and could very well have 
the potential to prevent aortic aneurysms from forming in Marfan patients. So far 
investigations into the effect that losartan has on the biomechanical response of the 
aorta has yet to be conducted. 



3.5.2 Doxycycline 

The discovery that aneurysm development was associated with increased local 
matrix metalloproteinase (MMP) production in aneurismal tissue [76-80], and that 
MMPs were potentially the cause of extracellular matrix degradation has initiated 
research into compounds able to suppress MMP activity. Specifically MMP-2, -9, 
and -12 have been found associated with human AAA disease [81, 82]. The family 
of antibiotics known as tetracyclines became known as inhibitors of MMPs when 
used at levels higher than antimicrobial doses [83-86]. One tetracycline in par- 
ticular, doxycycline, has been found to be a non-selective inhibitor of MMPs 
through either a transcriptional or direct method [59], and is readily available. 
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The first animal models of AAA to incorporate doxycycline in order to suppress 
aneurysm formation used elastase-induced aortic injury in the rat [87, 88]. Petrinec 
et al. found that doxycycline did have an aneurysm-suppressing effect in vivo with 
a dosage of 25 mg/day administered via drinking water [87]. Curci et al. also 
found doxycycline inhibited aortic dilation was most likely dose dependent with 
effects starting at 6 mg/kg/day and maximal effects at 30 mg/kg/day again 
administered via drinking water [88]. Mouse models of AAA that also utilize 
doxcycline in aneurismal suppression include Manning et al., Pyo et al., and Vihn 
et al. [47, 71, 89]. While Manning et al. again used elastase infusion, both Pyo 
et al. and Vihn et al. used Angll infused ApoE~'~ mice. All used a dosage of 
30 mg/kg/day administer via drinking water, and all found doxycycline to greatly 
reduce the incidence of AAA formation as well as severity of the aneurysm. 

Success in mice and rat studies has spurred human trials of doxycycline for the 
suppression of AAA [90-92]. Manning and Baxter conducted one of the first 
clinical trials that treated patients undergoing elective AAA repair for 7 days prior 
with 100 mg by mouth twice daily docycycline [92]. Examination of the tissue 
obtained from surgery found a great reduction in MMP-2, and -9 activities in 
treated patients compared to those who were not. A phase two study conducted by 
Baxter et al. observed 36 patients with AAA to evaluate treatment with 100 mg 
twice daily for 6 months [90]. Results from this study found no significant change 
in AAA diameter and substantially decreased MMP activity after 6 months, and 
that such doses were well tolerated. A placebo-controlled pilot study conducted by 
Mosorin et al. found that over 18 months, treatment with 150 mg/day doxycycline 
significantly reduced AAA expansion compared to the placebo group [91]. 

In order to address the questions of whether the doxycycline serum levels 
needed for AAA inhibition achieved in animal models can be safely achieved in 
humans with standard dosages, Prall et al. conducted a controlled study [93]. Wild 
type mice with elastase perfusion were dosed with 0, 10, 50, and 100 mg/kg 
doxycycline, while human patients were given 100 mg twice daily. AAA reduc- 
tion was observed in mice at 10 mg/kg and reduction increased with increased 
dosage, and the study was able to show that circulating doxycycline values in mice 
were found to be similar to plasma levels of doxycycline in human patients. 

Another study conducted by Bartoli et al. compared wild type elastase perfused 
mice dosed with 100 mg/kg/day oral doxycycline with localized continuous 
injection of 0.75-1.0 mg/kg/day via osmotic minipumps [94]. This study found 
that localized infusion suppressed AAA formation equivalent to or even greater 
than that of oral administration, while plasma levels of doxycycline in the mice 
receiving infusion were undetectable. 

4 Summary and Conclusion 

Over the past sixty years there has been significant effort devoted to creating an 
experimental animal model of aneurysm disease. The means of induction as well 
as the choice of approach is governed primarily by the questions being investigated 
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by the researcher. Simple mechanical/surgical models have become the mainstay 
for studies in large animals and have been the most popular for studying endo- 
vascular stent-graft design and performance. Chemical and/or genetic models of 
aneurismal disease have arisen more recently. As our understanding of the 
mechanisms and pathways involved in aneurysm formation has improved, these 
new genetic models have become available to investigate potential causes for 
aneurysm and possible therapeutic targets. The chemically and/or genetically 
induced animal models are attractive from a biomechanical point of view, since 
these can be used to investigate how the mechanical properties of aneurysms alter 
during disease development. In addition, longitudinal studies based on the bio- 
mechanical analysis of mouse models that are susceptible to aneurysm formation 
will inform about the process of aneurysm formation. Such future research will 
provide a meaningful link between the matrix degradation and inflammatory 
response known to be present in human AAA and how such changes eventually 
lead to the mechanical failure of ruptured AAA. In summary, there are potential 
applications of prognostic utility of assessment of aortic wall biomechanics in 
prevention and medical treatment of aortic aneurysms and sudden aortic rupture. 
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